A theoretical analysis of how illusory contours are formed in untextured stereograms is presented. This analysis focuses on the role of contour junctions in initiating surface interpolation processes. More specifically, this theory asserts that the matching geometry of stereoscopic junctions -that is, the pattern of matchable and unmatchable features present at the intersection of binocularly viewed contours -initiates processes of illusory contour formation ("modal" completion) and the connection of partially occluded objects ("amodal" completion). The matching geometry of three forms of stereoscopic junctions that elicit percepts of illusory surfaces is derived under the assumption that only horizontal disparities are matched. This analysis reveals the presence of two distinct kinds of monocular features generated by binocular viewing. Experiments and demonstrations are presented that reveal that: 1) these monocular features play a critical role in modal and amodal completion in stereopsis; and 2) that the difference in these two kinds of monocular features is responsible for asymmetries in the perceptual stability of modally and amodally completed surfaces.
Introduction
The random-dot stereogram (RDS; Ashenbrenner, 1954) and the computer generated RDS (Julesz, 1960) unequivocally demonstrated that monocular form perception was not a necessary antecedent to binocular matching and the generation of a depth map (cf. Ogle, 1959) . The RDS provided a means for isolating the contributions of binocular vision to the recovery of three-dimensional form. But with its invention came a deep puzzle: If monocular forms are not needed for matching, just how does the brain determine which feature in the left eye is the appropriate match for a given feature in the right eye? This theoretical puzzle became known as the correspondence or matching problem (Julesz, 1971; Nelson, 1975) , and has served as the conceptual focus of models of binocular vision for the past three decades.
Intensive computational study of the matching problem has led to a deeper understanding of the processes needed for the computation of disparity, especially in highly textured patterns such as RDSs (see, e.g., Dev, 1975; Jones & Malik, 1992; Julesz, 1971; Marr & Poggio, 1976 , 1979 Pollard, Mayhew, and Frisby, 1985; Pradzny, 1985; Sperling, 1970) .
This computational analysis has highlighted a number of theoretical difficulties encountered when attempting to compute correspondence. One of the most salient difficulties arises from the fact that not all binocularly viewed features have interocular matches. When a near surface occludes a more distant surface, a portion of the far surface is visible to only one of the two eyes (see Figure 1 ), and hence, no correct matches can be found for these regions. The only exception to this fact is for occluding contours that are perfectly horizontal relative to the observer's line of sight. Following Belhumeur & Mumford (1992) , these unpairable features will be described here as half-occluded, or more simply, half-occlusions. Clearly, any attempt to compute correspondence for these features will be incorrect by definition. This implies that some process other than binocular matching will be needed to understand how image regions containing occluding contours are processed.
Recently, Anderson & Nakayama (1994) attempted to account for sensitivity to occlusion relationships by postulating the existence of receptive fields that would respond to the breakdown in correspondence that occurred at occluding contours. A binocular occlusion relationship may be construed as a correlation/decorrelation boundary, where the correlated region corresponds to the occluding contour, and the decorrelated region corresponds to the half-occluded features. The method of computing binocular occlusion relationships outlined by Anderson & Nakayama relied on quasi-local differences in interocular correlation. Note, however, that the only information contained in such occlusion computations is a relative depth order of the occluding and occluded surfaces.
Moreover, such computations required that portions of both the occluding and occluded contour generated visible contrast in the two eyes. If either the occluding surface or the occluded surface did not generate visible contrast, then the scheme outlined by Anderson & Nakayama will not work.
One of the easiest ways for the occlusion computation described by Anderson & Nakayama to fail is when large portions of the images contain a homogeneous luminance. Consider a surface region that projects a homogeneous shade of grey to both eyes. How can disparity or an occlusion relationship be computed for this region? Any subregion of this grey area will be an equally good match for any subregion in the other eye, but each potential match will generate a different disparity signal. In essence, the problem with image regions containing a uniform illuminance is that they have very few specifiable features, which means that there is no simple way to determine unique matches or mismatches in these regions (see, e.g., Jones & Malik, 1992) . While highly textured images yield a rich, local depth map, image regions containing a uniform illuminance cannot give rise to unique disparity signals.
This implies that the perception of depth in untextured regions of a binocularly viewed scene must be generated by some processes other than a local computation of correspondence. Figure 1: Top view of two simple occlusion configurations that generate features visible to only one eye (half-occlusions). These features cannot have correct interocular matches, but they nonetheless appear stable and in depth at the farther of the two surfaces.
Thus, two of the greatest computational difficulties that arise during binocular matching occur at occluding contours and in untextured regions of the images. Clearly, then, one of the most difficult matching problems will arise for untextured image regions that contain occluding contours. Here, the problem becomes one of not only identifying correct matches, but also determining which features should be left unmatched. How can this be accomplished in images that contain large regions of homogeneous luminance? Somehow, a homogeneous area must be decomposed into matchable and unmatchable features. To date, there has been no cogent explanation of how the visual system accomplishes this task in untextured patterns. And there is compelling evidence that the visual system is quite adept in performing such decompositions. A number of recent studies have revealed that sparse, untextured stereograms can generate percepts of striking illusory surfaces (Anderson, 1994; Gregory & Harris, 1974; Lawson, Cowan, Gibbs, & Whitmore, 1974; Lawson & Gulick, 1967; Nakayama, Shimojo, & Ramachandran, 1990; Ramachandran & Cavanagh, 1985) . While a fair amount of empirical attention has been drawn to these phenomena, very little theoretical analysis of such patterns has been performed, despite the fact that these results present serious challenges to extant models of stereopsis and illusory contour formation (but see Grossberg, 1993 Grossberg, , 1994 Nakayama & Shimojo, 1992 ; reviewed in section 3 below). One of the goals of this paper is to provide an analysis of the correspondence problem as it arises in untextured images.
Why Study Untextured Stereograms?
Before embarking on a theoretical analysis of untextured stereograms, let us consider why studying this topic would be of general psychological interest. Understanding the importance of studying untextured stereograms -a subset of stereoscopic vision -begins with understanding the role stereopsis plays in natural vision. Consider the environmental context in which human stereopsis evolved. Our arboreal ancestors were confronted with a large number of perceptual tasks, but one of the most critical was the capacity to resolve the three-dimensional structure of their natural habitat; namely, trees. This minimally required accurately segmenting and recovering the geometric structure of branches and leaves. In some illumination conditions, this problem can be rather daunting. For example, consider one of the photographs depicted in Figure 2 . In the illumination conditions depicted in this photo, there are no contrast differences to specify which branch is in front of another. The points of occlusion in this image generate local contour intersections forming Ljunctions, junctions that are perceptually ambiguous: either contour forming the L-junction can be seen as occluded or occluding. It is therefore impossible to determine which branch is in front of another or how the branch is curved in depth from a single image.
The ambiguity of the monocular images does not generalize to binocular vision. When the images in Figure  1 are binocularly fused, two powerful benefits of stereoscopic vision can be experienced. The most general contribution of binocular vision is the revelation of threedimensional structure. This information is putatively generated by the binocular parallax (or disparity) that arises when regions of surfaces are projected to two different vantage points. A large amount of theoretical and empirical research efforts have been expended to provide an account for how binocular disparity is computed in both natural and synthetic images. However, there is a second benefit of stereoscopic vision that has not yet been thoroughly investigated. Note that the occlusion relationships in Figure  2 are also resolved during binocular fusion: one branch can be seen to occlude another, appearing solid and continuous in depth. However, the percept of continuity in such images is "illusory" in the sense that there are no contrast differences that specifies which branch occludes another. Despite the compelling nature of these percepts, little is known about how these occlusion relationships are resolved or how these illusory contours are formed. It is this problem that the present paper seeks to address.
A variety of models have emerged for understanding stereopsis and illusory contours, but few models of stereoscopic illusory contours have been developed (but see Section 4 below). In contrast, the literature on illusory contour formation in 2D images is rather large, and a number of theoretical accounts of this capacity have emerged (see, e.g., the papers contained in Petry & Meyer, 1987 for a sample). A number of these theories have either explicitly or implicitly assumed that the initiating conditions for illusory contour formation could be determined by properties contained in 2D images. Indeed, it is well known that it is possible to experience illusory contours monocularly, so any general theory of illusory contour formation will have to accommodate such phenomena. But the focus on monocular image structure has led to some strong assertions about the image conditions that are presumed to be necessary for the generation of illusory contours, some of which we will show to be incorrect. To this end, we will demonstrate that the illusory contours that form in Figure 2 arise in a manner that cannot be accommodated with current theories of stereopsis or theories of illusory contour formation. More specifically, we will demonstrate that the visual system actively decomposes the binocular input into matchable features and unmatchable features through the imposition of an epipolar matching constraint (described below). The matchable features specify the relative depth of the surface regions that project to both eyes, while the unmatchable features contain rich information that specifies the occlusion geometry.
Why should psychologists be concerned with the recovery of occlusion geometry? One of the fundamental "tasks" of vision is to parse a scene into distinct objects. This seemingly straight-forward visual process has proven to be extremely difficult to understand. One of the basic reasons for this difficulty is that (luminance) edges in the image do not always correspond to edges of objects, as is the case for shadows; and the edges of objects do not always generate edges in the image, as occurs throughout the images depicted in Figure 2 . But while luminance discontinuities are unreliable cues for object boundaries, occlusion boundaries virtually always represent object or natural part boundaries. Hence, the recovery of such boundaries would be extremely useful for segmenting the image into natural parts, leading to the formation of coherent objects. While we make no pretense that the work described herein constitutes a theory of object perception or recognition, we will argue that the processes involved in the recovery of the occlusion geometry of untextured stereograms plays a critical role in the processes upon which object perception depends. An understanding of how stereopsis partakes in this segmentation process can therefore provide the initial basis upon which a theory of object perception, recognition, and classification may be built. This paper will be divided into four main sections. First, we will begin with a review of theories of stereopsis, focusing on how particular models compute corresponding and noncorresponding features, a computation critical for the recovery of stereoscopic occluding contours. Second, we will develop our theoretical analysis of the correspondence problem in untextured stereograms, and articulate how the perceptual solution to this problem generates illusory stereoscopic contours. Third, we will briefly address the problem of boundary ownership as it arises in untextured stereograms. Finally, we conclude with a discussion of how our work is related to previous theories of illusory contour formation.
Figure 2: Stereo photographs of a natural scene that reveals the role illusory contours play in natural vision. Note that in a single image, it is virtually impossible to tell which branch is in front of and occluding another. However, when binocularly fused, these occlusion relationships are resolved and vivid percepts of illusory contours emerge.
Section 1 Computational Background: Computing Correspondence and Noncorrespondence
In this paper, we will develop the thesis that the decomposition of untextured stereograms into matchable and unmatchable features is responsible for generating the appearance of illusory surfaces. This topic spans two domains of inquiry: theories of stereopsis, and theories of illusory contour formation. We will therefore need to discuss both of these domains in the course of articulating the unique contributions of the present theory. We will begin by reviewing theories of stereopsis. We will postpone our discussion of the relationship of our work to theories of illusory contours to Section 4 of this paper so that we may better detail the unique contributions of the present work. In anticipation, we will develop the thesis that interocular differences in the vertical positions of contour junctions generates unmatchable features that, in turn, create illusory contours (modal completion) and the appearance of partial occlusion (amodal completion). We will show that no extant theory of stereopsis or illusory contour formation has recognized the information contained in these kinds of binocular image features.
To understand how binocularly viewed scenes are decomposed into matchable and unmatchable features, a number of properties about the processes of binocular matching must be specified. These include an articulation of the primitives that serve as the features that are matched, how "correct" matches are distinguished from "false" matches, and the perceptual consequence of determining that a feature is unmatchable. The solutions to these problems are inextricably linked. What is matched constrains how matching is thought to proceed, the possible problems encountered in attempting to find correct matches, and how unmatchable features are identified and interpreted. These issues have been discussed at length previously (Anderson & Nakayama, 1994) , and will not be repeated here. Instead, we will consider the problems of matching in different models only in sufficient detail to underscore the problems generated by occluding contours and untextured stereograms depicting occluding surfaces.
A variety of constraints are typically applied to reduce matching ambiguity. For example, most models invoke some form of similarity, uniqueness, epipolar geometry, ordering, and (piecewise) smoothness constraints (see Weinshall & Malik, in press ). Two of these constraints -similarity and epipolar geometry -will prove to be particularly important for the theory developed in this paper. Similarity refers to a preference for matching similar (or identical) features. The effectiveness of this constraint in reducing matching ambiguity depends on the complexity of the matching primitives. If the matching primitives are sufficiently complex and distinctive, then restricting matches to similar features will greatly reduce matching ambiguity. On the other hand, if the matching primitives are relatively simple -such as individual points -then a large number of false targets will arise, and restricting matches to similar features will not be very effective in determining the correct match. The epipolar constraint refers to the fact that corresponding points are constrained to lie along specified lines (epipolar lines) in the two images, that is, lines that correspond to the projection of a horizontal "slice" of the world onto the two images. Epipolar lines are defined as the intersection of the epipolar plane (that is, a plane that intersects a point in a 3D scene and the nodal points of the eyes) with the image planes of the two eyes. For the patterns considered in this paper, the viewed scene will be two dimensional images, and we can consider the epipolar lines to be horizontal slices of the image planes. The restriction of matching to epipolar lines greatly reduces the number of possible matches that need to be considered by restricting the space of possible matches from two to one dimensions.
Models may be grouped into four general categories (for a more detailed review of models, see Anderson & Nakayama, 1994; Weinshall & Malik, in press ). The historically earliest models were called "cooperative" (Julesz, 1971; Dev, 1975; Marr & Poggio, 1976; Pollard et al., 1985; Sperling, 1970) .
These models used the unprocessed, point-wise images as the input to binocular matching.
The use of such unstructured matching primitives simplified the computation of similarity, but it also meant that the restriction of matching to similar features was not very effective in reducing matching ambiguity. In a black and white RDS, the similarity constraint implied that black dots could only be matched with other black dots. But because of the large number of black dots in a 1-bit RDS, this restriction generated a plethora of matching noise. To overcome this problem, interactions between neurons tuned to point-wise image disparities were invoked to reinforce correct matches and eliminate false targets. For example, numerous models invoked excitation between neighboring detectors tuned to a common disparity (Julesz & Chang, 1976; Dev, 1975; Marr & Poggio, 1976) and inhibition between disparities along the same line of sight (Marr & Poggio, 1976) . For these models, the most readily interpreted images were those containing large surface regions of constant disparity. While less constrained methods of cooperation were developed (e.g., Pollard et al., 1985) , they typically shared the general strategy of disambiguating correct matches from false matches through interactions between disparity sensitive units. The problem of unpaired features -that is, halfocclusions -was not explicitly addressed in these models. These features emerged as the unpaired "residuals" of the matching process, but they did not explicitly contribute to the depth map.
The second class of models used the outputs of (linear) spatial filters as the input to binocular matching. Within this class of models, two basic approaches for matching emerged.
One method reduced matching ambiguity by choosing a sparse representation of the monocular images -such as edges or zero-crossings -to serve as the matching primitives. For example, Marr & Poggio (1979) developed a model in which the zerocrossings of the monocular images were computed by convolving the images with a Laplacian operator, and using the output of this operation as the input to matching. Because the matching primitives were now contours (rather than points), a more complex method of computing the similarity of features in the two eyes was required. Marr & Poggio focused on two properties: first, the contours had to have similar orientations; and second, the contrast polarity of the zero-crossing had to be the same. Additionally, a new constraint was introduced that linked the disparity of an image feature to its spatial scale. Under this constraint, false targets were eliminated by matching large scales first, and then using the matches found on the large scales to limit the range of disparities searched for matching the smaller scales. Here, too, the problem of half-occluded features was not explicitly addressed, and the half-occlusions simply emerged as the unpaired residuals of the disparity map.
The third class of model also used the outputs of spatial filters as matching primitives. However, rather than reducing matching ambiguity by a sparse representation of the monocular images (such as zero-crossings), matching ambiguity was reduced by using complex image features. For example, Jones and Malik (1992) developed a model in which image regions in the two eyes were represented by the outputs of an array of linear spatial filters tuned to different orientations and spatial frequencies. A monocular image neighborhood (or patch) was characterized by a vector that contained the response of the entire array of filter sizes and orientations at that location.
Correct matches were determined by finding the "most similar" vectors in the two eyes. As with its edged based predecessors, this model also implemented a form of coarse-to-fine matching, but in a different way and for different reasons. The most salient reason for the inclusion of a coarse-to-fine strategy was to alleviate problems created by the possibility that some of the matched regions could contain one (or more) depth discontinuities. In these situations, matching the entire image region in the two eyes would cause edges to be obscured or inappropriately smoothed. To alleviate this problem, the contribution of the large filters near the depth discontinuity needed to be eliminated.
Unlike its predecessors, this model did attempt to incorporate halfoccluded features into the depth map. However, in keeping with previous models, the detection of unmatchable features was done only after an initial estimate of matching had been performed. Once an estimate of the disparity map had been constructed, the remaining unpaired features were interpreted as likely candidates for the half-occluded features. In this model, the "problem" created by unmatchable features was construed as one of finding a method for integrating unmatchable features into the depth map generated by disparity signals (see also Grossberg, 1994) .
No information was extracted from half-occluded features; these unmatchable features were regarded as a computational nuisance rather than a source of information about the 3D structure of the world.
The computational strategy of treating half-occluded features as matching "residuals" reveals a historical bias which assumes that matchable features -generating computations of binocular disparity -contain all of the information about stereoscopic depth (Julesz, 1971; Poggio & Poggio, 1984; Marr, 1982) . However, this bias is not shared by more recent "Bayesian" models of stereopsis. These models are so named because they exploit Bayes' theorem to reconstruct 3D surfaces from image data. Bayesian models treat stereopsis as just one instantiation of a more general problem of statistical inference. Specifically, Bayesian stereo models treat the two images as data, and the 3D output is the solution that provides the best account of the data given certain prior expectations. In this context, the "best account of the data" is interpreted as the least biased statistical inference (see, e.g., Belhumeur & Mumford, 1992; Geiger, Ladendorf, & Yuille, 1993; Yuille, Geiger, & Bulthoff, 1991) . Unlike the models described above, Bayesian models make no explicit assumptions about the kinds of processes that perform a stereoscopic computation. Rather, a variety of priors are invoked, all of which contribute to the reconstruction of the 3D surface. The priors describe the expected surface structure that the model will encounter, and hence, the kinds of surfaces that the model will most accurately resolve. No precedence is given to disparity computations in this class of models; any kind of surface property can contribute to the construction of a prior probability in this framework. Thus, whereas previous models treat half-occluded features as uninformative residuals that are only interpreted after matching has been achieved (or not at all), Bayesian models compute all surface properties in parallel and treat all sources of information as equally informative. The relevant question then becomes: which computational approach more accurately reflects the properties of the human visual system?
The answer to this question is now clear. Recent psychophysical research has revealed that unpairable image features provide rich information about surface structure that is computed in parallel with disparity computations. For example, it has been conclusively demonstrated that unmatchable binocular features can generate striking illusory contours in depth (Anderson, 1994; ). This implies that unmatchable features are not simply integrated into the 3D percept, but rather, that they contribute rich information about the 3D scene. Moreover, the "matching first" strategy of binocular matching overlooks experimental evidence indicating that the breakdown in correspondence generated at occluding contours can constrain the earliest stages of binocular processing, namely, binocular matching. Two results are particularly suggestive of this fact. Gillam and Borsting (1988) demonstrated that reaction times for resolving discontinuities in RDS patterns were faster when they contained halfocclusions than when no such features were present. More recently, Anderson & Nakayama (1994) showed that occlusion can over-ride matching constraints, biasing an ambiguous wallpaper pattern to appear at a depth consistent with the geometry of occlusion. Both of these results demonstrate the insufficiency of post-hoc treatments of halfocclusions, revealing a clear need for the inclusion of some computational strategies that sense unmatchable features during the earliest stages of stereoscopic processing.
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Figure 3: Schematic of the two types of occlusion boundaries that can arise from binocular viewing. The central region depicts a top view of a simple occlusion configuration. The oval windows reveal the breakdown in binocular correspondence created at the two types of occluding contours depicted. Anderson & Nakayama (1994) postulated the existence of receptive field structures that would sense such correlation/decorrelation boundaries. Note, however, that such boundaries are only well defined for textured images in which some measure of correlation may be applied.
These experimental results inspired the development of a method of computing occlusion configurations in parallel with disparity, briefly described in the introduction of this paper. Specifically, Anderson & Nakayama (1994) hypothesized that receptive field structures sensitive to binocular occlusion boundaries operated in parallel with the more classical disparity sensitive mechanisms. By definition, disparity sensitive units are structured to detect the correlation of image features at a given amount of retinal displacement. But the neighborhood surrounding an occluding contour contains features that cannot be matched, and hence, such features generate local correspondence failures (see Figure 3) . These correlation failures cannot be reliably sensed by units structured to detect binocular correlation at a given amount of retinal offset (that is, disparity). Anderson & Nakayama therefore hypothesized the existence of two forms of occlusion sensitive receptive fields (RFs), corresponding to the two types of occlusion relationships that arise in Figure 3 . One side of the RF "prefers" a binocular match (correlation), while the neighboring side "prefers" features that cannot be matched (decorrelation). The presence of units sensitive to such correlation/decorrelation boundaries could provide an early estimate of the location and orientation of occluding contours, suggesting a possible account of how occlusion could be sensed early in stereoscopic processing. This "occlusion-detector" hypothesis was formulated as an analogue to computational strategies used for computing disparity. As such, it represents one of the first attempts to treat what is typically regarded as a "higherorder" surface property -occlusion -as the output of an early visual computation. However, this construal of occlusion sensitivity will only work for highly textured image regions. Indeed, both disparity computations and the occlusion computations described by Anderson & Nakayama rely on the ability to compute interocular correlations. But if the monocular inputs to stereopsis are relatively untextured, then neither a disparity (correlation) detector or an occlusion (correlation/decorrelation boundary) detector will be capable of computing a unique local estimate of depth or occlusion. In other words, the method for detecting occlusion configurations proposed by Anderson & Nakayama will only work for images in which there are compelling differences in the interocular similarity of image features. How are matchable and unmatchable features determined in untextured stereograms?
At first consideration, it might seem possible to treat untextured stereograms with the same set of matching constraints applied to textured patterns. While it is clear that untextured regions cannot give rise to local disparity signals, perhaps all that is needed is some supplementary disparity interpolation rules to fill-in the untextured image regions between regions that do give rise to unique binocular disparities. However, a single demonstration reveals that much more than a simple interpolation of disparity signals occurs in many untextured stereograms. To see this, let us compare how observers perceive textured patterns like RDSs to how they perceive untextured stereograms containing only a few sparse, occluding contours. Consider Figure 4 . When the left two half-images of the RDS in Figure 4 is fused (by crossing one's eyes), a square, random-dot surface is perceived in front of a zero-disparity background. When the Figure 4 : A classical random-dot stereogram (RDS). When the left two images are cross fused, a square surface appears in front of the background. In the right two patterns, the half-images have been interchanged, and the square now appears behind the background. This simple depth reversal reveals that the same features are being matched in the two stereograms; the only difference is in the sign of the disparities created by interchanging the two half-images.
right two half-images in Figure 4 are fused, the square simply reverses its relative depth and appears behind the background. The only difference between the two stereopairs is that the half-images have been interchanged in the two eyes. The fact that this simple depth reversal occurs indicates that the same features are being matched in both stereograms. Given the theoretical perspectives embodied in virtually all stereo models, this result is not surprising. All of the models described above would generate the same matches independently of the sign of an image feature's disparity, either on the basis of the similarity of the matching primitives, or by interactions between neighboring disparity sensitive cells that would eliminate false targets.
In general, the perceptual consequence of interchanging half-images may be used as a diagnostic tool for understanding the role of binocular matching in determining the perceptual organization of stereograms. Specifically, if interchanging the two-eyes' views leads to an inversion of the perceived depth relationships, then this implies that a single mechanism of matching can explain the perceptual organization of both patterns. Such depth inversions are understandable with any model that solves correspondence correctly for the stereo images. However, if interchanging the images causes a significant transformation in the perceptual organization of the images, then this implies that something other than a local computation of correspondence is determining the organization of the patterns. This would reveal the inadequacy of existing models of computing stereoscopic depth (since they all rely on such computations of correspondence), motivating a theory of stereopsis that is capable of explaining such transformations.
Dramatic transformations in perceptual organization can be experienced when the half-images of untextured stereograms depicting occluding surfaces are interchanged. Consider the stereogram of the Kaniza pattern depicted in Figure 5 . When the two left half-images of Figure 5 are fused, the percept of an illusory diamond occluding four black discs is greatly enhanced by introducing a near disparity to the inducing elements (Bloomfield, 1973; Lawson & Gulick, 1967; Gregory & Harris, 1974; Lawson, Cowan, Gibbs, & Whitmore, 1974) .
Two types of perceptual "completion" are exhibited in this stereogram. First, the near inducing elements generate illusory contours that create the appearance of a diamond shaped surface occluding the pac-man shaped black figures. Completion of this kind is said to be "modal," generating a visible (illusory) contour. Second, the black inducing elements appear to continue behind the illusory diamond surface. This perceptually invisible completion (here, of the black discs) is usually described as "amodal," since it occurs in the absence of the stimulation of any sensory modality (Michotte, 1964) . When the half-images are interchanged (right two half-images of Figure 5 ), a remarkable transformation of these patterns may be experienced. Now the pac-man figures appear as four holes cut out of a white surface, and the corners of a diamond shaped object is visible through these holes. In this percept, the illusory contours do not form a diamond shaped surface, as would be expected by a simple depth inversion. Rather, the circular regions of the black figures generate illusory contours that appear as completed circles, and the diamond shaped surface now appears to complete amodally behind the four circular apertures. The black portions of the pac-man figures appear behind the ground plane (here, as empty space).
This simple perceptual demonstration reveals that something beyond a local computation of binocular correspondence is driving the perception of untextured stereograms. In the RDS, the interchange of the two views led to a point-by-point reversal in the relative depth that observers experience. In contrast, interchanging the two views in the untextured images depicted in Figure 5 caused a dramatic change in the subjective contours that formed. The interpolation of disparity signals embodied in the models discussed above would not generate such asymmetries, as these models do not distinguish disparity signals that are relatively nearer in the scene than those that are relatively farther.
Thus, some new principles of stereoscopic organization must be responsible for how patterns such as those in Figure 5 are perceived. figure. Unlike the RDS in Figure 3 , the interchange of this stereogram's halfimages results in a dramatic transformation of the perceptual organization of the figure. When the straight segment of the inducing elements are given a near disparity (left two images for crossed fusion), the illusory contours of the diamond figure are greatly enhanced, appearing as a diamond surface occluding four circular figures (as illustrated in the lower left schematic). When the half-images are interchanged, the perceptual organization of the figure is transformed into the appearance of four holes cut out of a white surface, with both the black portion of the pacman figures and the white corners of the diamond appearing behind these holes.
This transformation implies that something other than a local computation of correspondence is determining the perceptual organization of these patterns.
It is important to understand that we are not claiming that any asymmetry that results from interchanging the two eye's views requires new explanatory principles than those embodied in extant models of stereopsis. For example, the depth reversal that results when interchanging the half-images of the RDS depicted in Figure 4 leads to perceptual transformations other than simply a reversal in depth: the figure switches from appearing as a small square surface occluding a larger square surface, to a hole in a larger surface occluding a continuous surface behind the hole. However, these percepts can be understood as a consequence of the mechanisms structured to solve binocular correspondence; no new principles of perceptual organization would be needed to understand the 3D structure that observers experience with this pattern. In contrast, the asymmetries observed in the formation of subjective contours when viewing Figure 5 cannot be understood with the correspondence solving techniques described in these models. It is this that makes these asymmetries so critical for extant theories.
What is needed to understand such dramatic shifts in the perceptual organization of untextured stereograms incurred by interchanging the two half-images? Some clue to the answer to this question may be gained by reexamining the RDS pattern in Figure 3 . While the preceding discussion has emphasized the symmetry in the transformation of depth that occurs when the half-images of RDSs are interchanged, there is one notable asymmetry that occurs during this inversion: the half-occluded features generated at the vertical edges in the RDS always appear at the farthest depth (cf. Figure 1 ). When the central square appears in front of the background, the half-occluded features appear at the same depth as the background; but when the central square appears behind the background, the halfocclusions now appear as part of the central square (that is, behind the background). Hence, in a highly textured stereogram, the only features that do not exhibit a simple depth inversion are the half-occluded features. This suggests that the depth asymmetries observed with the stereoscopic Kaniza patterns in Figure 5 may also involve an asymmetric treatment of unmatchable image features. Indeed, note that one of the most salient differences in the two depth organizations is the depth of the homogeneous black regions. When the Kaniza diamond is in front of the circular portions of the black figures, this black region appears at the depth of the background; but when the diamond figure appears behind the circular portions of the black figures, the homogeneously illuminated black regions recede into depth with the corners of the diamond. In both cases, the black regions follow a farthest surface rule, which has been linked to the perceptual interpretation of half-occluded regions (Anderson & Nakayama, 1994; Julesz, 1960; Nakayama & Shimojo, 1992) .
In the sections that follow, it will be argued that untextured stereograms that generate percepts of occluding and occluded surfaces are perceptually organized by processes that decompose contours into matchable and unmatchable features. Whereas previous work has emphasized the difference in the similarity of features as evidence for occlusion (cf. Anderson & Nakayama, 1994; Jones & Malik, 1992) , here we will argue that this constraint works in concert with an epipolar geometric constraint to generate percepts of modal and amodal completion in stereopsis. Specifically, it will be argued that vertical image differences provide rich information about the geometry of occlusion that is used in constructing illusory stereoscopic surfaces as well as the appearance of partial occlusion (amodal continuation). In untextured patterns, these differences arise at the intersections of the contours in the half-images, that is, the contour junctions. We will argue that the matching geometry present at contour junctions contain critical features that can initiate boundary and surface interpolation processes. Here, the phrase matching geometry refers to the way the visual system decomposes the binocular array into matchable features (disparities) and unmatchable features (representing occlusion configurations).
It will be demonstrated that an analysis of the stereoscopic matching geometry generated at the binocular junctions, together with a few simple interpolation rules, can predict the perceptual organization of modally and amodally completed surfaces. Specifically, we will argue that the presence of monocular features at stereoscopic image junctions provide information that specifies both modal and amodal continuations of surfaces and contours. This view of modal and amodal completion in stereopsis -particularly its reliance on the role of unmatchable image features -departs significantly with other existing theories of these phenomena (Kellman & Shipley, 1991; Grossberg, 1993 Grossberg, , 1994 , a point that will be developed in greater detail in Section 4 of this paper.
In order to keep this work to a manageable size, this paper will focus on three kinds of binocular junctions that generate percepts of illusory surfaces: L-, I-, and Tjunctions. It will be demonstrated that there are two kinds of monocular features generated by the contours of untextured stereograms depicting occluding surfaces: those belonging to the far contour (half-occluded), and those belonging to the near (half-occluding). The perceptual interpretation of these features will be shown to depend on their geometric relationship to the fused portion of the contours to which they are attached. While half-occluded features have been known to exist since at least the time of DaVinci, half-occluding features have not been previously recognized. These features will be shown to be interpreted quite differently. In anticipation, it will be shown that halfoccluded portions of contours generate "end-cut" responses, forming illusory contours that appear oriented and in depth. These features also specify the amodal continuation of the inducing contour behind the subjective contour it constructs. In contrast, half-occluding features are relatively unstable when unaccompanied by half-occluded features. When they are perceived, they form part of the illusory occluding contour. We will argue that the inherent asymmetry in the treatment of these monocular features provides evidence for the role of distinct mechanisms underlying modal and amodal completion in stereopsis.
Scope and Method of Analysis
The theoretical analysis that will be described in this paper is purely qualitative in nature; no attempt is made to develop a model capable of sustaining quantitative predictions. There are a number of reasons for choosing this approach. First, the primary problem that has been addressed in virtually all existing computational models of stereopsis is the problem of binocular matching. This focus was shaped by a purely qualitative perceptual result, namely, the success of the RDS in generating vivid percepts of 3D structure without identifiable monocular forms. Even to this date, the vast majority of models only address the qualitative aspects of this problem, that is, whether the model generates the same kinds of matches as the human visual system. So our focus on the qualitative aspects of how untextured stereograms are matched is consistent with the historical focus on this (qualitative) problem. Second, there have been a number of recent papers demonstrating striking percepts of illusory contours and surfaces that cannot be understood with the kinds of processes that have been implemented to solve correspondence in textured patterns (Anderson, 1994; Gregory & Harris, 1974; Lawson, Cowan, Gibbs, & Whitmore, 1974; Lawson & Gulick, 1967; Nakayama, Shimojo, & Ramachandran, 1990; Ramachandran & Cavanagh, 1985) . These perceptual results are also qualitative in nature. Despite the historical focus on the problem of correspondence, a comparable analysis of the correspondence problem in untextured patterns has been lacking. Hence, our primary goal is to specify the critical image properties that are used in the matching of untextured stereograms, and the role played by both the matchable and unmatchable features in modal and amodal completion.
In the sections that follow, we will focus on highcontrast, untextured stereograms. The reason for this focus is that it allows us to evaluate the contribution of halfoccluded and half-occluding features in isolation. As we will see, these features play a critical role in forming illusory stereoscopic contours. However, the reader should keep in mind that the importance of these features would apply to all images, not just the particular examples that we present. This point will be amplified in our discussion of the relationship of this work to previous theories of stereopsis and illusory contour formation.
Section 2: Stereoscopic Contour Junctions L-junctions
One of the first attempts to use the information in image junctions to recover 3D shape was described by Guzman (1969) . Guzman developed a method for inferring properties of 3D shape from the intersections of the contours in 2D line stimuli (see Figure 6 ). For example, a "T" junction typically indicates an occlusion, with the "top" of the "T" being an occluding contour, and the "stem" an occluded contour. On the other hand, L-junctions typically represent a corner or cusp of a surface, at least in 2D line drawings. While the 3D structure arising at a number of
Figure 6: "L-" and "T-" junctions in line drawings studied by Guzman (1969) .
In such figures, L-junctions typically correspond to surface corners, while T-junctions represent occlusion configurations. The "top" of the T-junctions form an occluding surface and the "stem" of the T-junctions forms the occluded surface.
junctions was locally ambiguous, Guzman demonstrated that many line drawings could be unambiguously interpreted by considering the global configuration of junctions in the image. Here, this theoretical approach will be generalized to stereoscopic junctions that create illusory percepts of occluding and transparent surfaces. However, we will not be concerned with junctions formed by line drawings. Rather, our goal is to understand how natural images such as those in Figure 1 are resolved perceptually, especially as regards the detection of occlusion relationships and the formation of illusory contours.
An understanding of this problem requires an analysis of the binocular neighborhood structure that generates illusory contours. To address this issue, we will consider stereopairs such as those depicted in Figure 7 in great detail. This Figure contains one of the simplest kinds of stereoscopic L-junctions that generates a percept of modal and amodal completion. When these stereograms are fused, the portion of the bar that appears closer in depth generates illusory contours that continue across the junctions, forming an apparently solid, occluding surface. The far contours of the L-junctions exhibit amodal completion, appearing to continue behind the (illusory) contours of the near, occluding bar. The appearance of continuous occluding surfaces occurs in the absence of any visible monocular contrast specifying the continuity of the contours in the images. Indeed, the vividness of the perception of occlusion belies the active role played by processes of perceptual organization in constructing these depth relationships.
To understand the perceptual processes involved in constructing such illusory contours, let us analyze how the X-shaped stereogram depicted in Figure 7 was constructed. Two forms of luminance relationships can arise at Ljunctions, both of which are depicted in Figure 7 . However, as can be seen by fusing the stereopairs in these patterns, the appearance of occlusion does not depend on the particular luminance relationships at these junctions, so we need not consider this property in any detail to understand how these percepts arise. Disparity is introduced by displacing one of the diagonal bars horizontally in one of the half-images (see Figure 8 ), and is partly responsible for the stereoscopic depth that is perceived when viewing these patterns. This disparity shift would also occur when viewing natural scenes as well, such as when branches cross at different depths. In other words, the half-images in Figure 7 may be construed as the binocular projection of two branches that cross at different depths in fronto-parallel planes. Note, however, that the formation of occluding contours occurs in the absence of correlated contrast in these image regions, which indicates that local disparity mechanisms must not be the only kind of process operating. What underlies the perceptual organization of these patterns, especially the appearance of illusory contours?
One answer that has been developed to this question invokes a form of disparity interpolation between the components of the L-junctions. For example, Kellman & Shipley (1991) hypothesized that a common set of mechanisms underlie the formation of modally and amodally completed contours. Within this framework, a boundary interpolation process would be initiated between the components forming contour junctions if the components of the contours were "relatable." Figure 9 depicts contours that were "relatable" and those that were "unrelatable" within their theory. The essence of the relatability constraint articulated by Kellman & Shipley was that two contours could perceptually join if and only if they could be connected with a contour that does not change its direction of curvature in 3-space. In the bar pattern presented in Figure 7 , the Ljunctions were organized in pairs, allowing the contours to be completed with a straight edge. Hence, in the simple stereogram of Figure 7 , both the modally and the amodally completed figures have relatable contours in the sense applied by Kellman & Shipley, a property that has been demonstrated to contribute to the formation of both forms of boundary completion (Anson & Rock, 1979; Shipley & Kellman, 1992a,b) .
The intuitive content of the proposed boundary interpolation mechanism described above may be stated as follows: for two contours to perceptually complete, they must be joinable by a monotonic, smooth curve in 3-space. The pairs of L-junctions considered in this paper are typically restricted to forming an illusory surface in a frontoparallel depth plane, but this need not be true (see, e.g., Anderson, 1994) . The restriction to fronto-parallel planes is done to simplify the geometric analysis that follows, and it A simple, untextured set of stereograms generating illusory occluding surfaces. When the left stereopairs are cross fused, the -45˚ bar appears to occlude the bar oriented at 45˚. In the right stereopairs, the depth relationships are reversed, and the 45˚ bar appears to occlude the -45˚ bar. The bottom stereograms are identical to those on top, with the exception that the luminance relationships are reversed. The reversal of the luminance relationships has no effect on the perceptual organization of these patterns. may be relaxed without loss of generality.
Let us proceed by demonstrating how a 3D contour interpolation constraint would account for the percepts that arise at stereoscopic L-junctions. Since we began with a description of the two bar patterns in Figure 7 , let us turn to the percepts that arise in the Kaniza figures presented in Figure 5 . First, consider the enhancement of the diamond's illusory contour. Disparity introduces a difference in relative depth between the two contours that define the L-junctions. The contour relatability constraint would cause the closest components of the L-junction to form illusory contours and generate subjective T-junctions (modal completion), enhancing the perception of the contours forming an illusory diamond. Similarly, the relatability constraint would predict that the contours forming the stem of the subjective Tjunction (the circular edges of the black inducing elements) should complete behind the top of the T and form coherent circular contours. This is indeed what is observed. When the half-images are reversed, the same principles predict the percept of the illusory holes and an amodally completed diamond. The closest contours of the L-junctions are now the circular edges of the black inducing elements. The proposed illusory contour mechanism causes the circular portion of the pac-man figures to complete, generating an illusory circle. The contour forming the subjective Tjunction stem should again cause the formation of a diamond shaped contour, but now this contour should complete amodally. Again, this is what is observed.
The preceding application of a contour completion mechanism seems to provide a unified account of the perceptual organization of these stereograms. However, a number of potential problems have been glossed over in the descriptive analysis presented above. First, the preceding analysis builds on the types of contour interpolation proposed by Kellman & Shipley to account for modal and amodal completion in two-dimensional patterns. This theory assumes that the initiating conditions for boundary interpolation is the presence of first order discontinuities (i.e., image corners forming L-junctions). When applying this idea to stereograms, an additional constraint on contour relatability emerges, namely, (stereoscopic) depth. As with most other theories of stereopsis, Kellman & Shipley focused on the role of binocular disparity in specifying depth in stereoscopic patterns. Hence, two constraints putatively determine modal and amodal completion in stereograms such as those in Figures 5 & 7: the stereoscopic depth of the components forming the image junctions (specified by disparity); and the relatability constraint of the contours that complete to form the interpolated contour. However, as we will see below, binocular disparity is not present at the image junctions in these stereograms; the image junctions usually contain unmatchable features. In the sections that follow, it will be demonstrated that these unmatchable features play a critical role in understanding the formation of illusory contours (modal continuation and/or completion) and amodal continuation or completion. Moreover, it will be shown that illusory contours can form in the complete absence of relatable contours.
L-junctions
2! luminance values X 2 values of depth = 4 cases Two depth values
The 2 (2!) luminance combinations: The theoretical position that will be developed in this paper is that the presence of unmatchable features at image junctions plays a critical role in both modal and amodal completion in stereopsis. At one level, the claim that the computation of occlusion involves a decomposition into matchable and unmatchable features is tautological; it is a geometric fact of occlusion (albeit an all too often neglected fact). Indeed, the binocular percept of one surface occluding another implies that the visual system decomposes these stereograms into matchable features (disparities) and unmatchable features. However, what is not well understood is the critical image properties that are used to effect this decomposition. A solution to this problem is needed to understand why these stereograms lead to the formation of illusory occluding surfaces rather than smoothly interpolated surfaces. The binocular disparities present in the images are not sufficient to determine the perceptual organization of these patterns, as unique disparities are only defined along some portions of the contours forming the inducing elements. The homogeneous light and dark regions do not generate any unique disparity signals, so the depth of these regions remains underconstrained. Virtually all existing models of stereopsis employ some variant of a smoothness constraint (cf. Marr & Poggio, 1976 , 1979 Julesz, 1971; Pollard et al., 1985; Jones & Malik, 1992) , which would predict the appearance of a smoothly interpolated surface from the sparse disparity signals present in Figures 5 and 7. But this is not what typically happens perceptually. Observers universally report that Figures 5 and 7 generate percepts of occluding and occluded surfaces. What causes the percept of occlusion rather than of continuous surfaces? Figure 9 : A schematic depicting relatable and unrelatable contours in the theory of Kellman & Shipley (1991) . Contours that can be connected by a smooth, monotonic contour are deemed "relatable." In this figure, a, b, and c represent relatable contours, whereas d, e, and f are unrelatable.
One possible answer to this question is to appeal to the contour relatability constraint that forms the modally and amodally completed contours to understand the depth of the homogeneous regions. Perhaps the boundary completion processes responsible for forming the modally and amodally completed edges "captures" the depth of the homogeneous regions, causing the homogeneous regions to appear at the depth as the "units" formed by the contour completion mechanisms.
From this perspective, the homogeneous regions inherit a depth from the perceptual units formed by the boundary interpolation processes. Such an analysis would be consistent with the theory of unit formation described by Kellman & Shipley (1991) . However, while such properties may be playing a role in the perception of these figures, it may be easily demonstrated that such properties are not necessary for the perception of occlusion. In Figure 10 , there are no relatable contours that can drive either modal completion or amodal completion of the two stereopairs. Nonetheless, in both cases illusory occluding contours may be observed, with the homogeneous regions on either side of the far contour appearing as portions of occluded surfaces. Hence, the determination that these junctions represent occlusion configurations can be performed locally, implying that something beyond a boundary interpolation process is needed to understand the perceptual organization of these stereograms. What local image properties are responsible for the appearance of occlusion in these sparse stereograms?
Figure 10: A figure demonstrating that relatable contours are not necessary for the appearance of local occlusion relationships in untextured stereopairs. When the left two images are cross fused, the small black region appears to be occluded by an opaque white surface to its immediate left. When the two patterns on the right are (cross) fused, the occluding contour now appears on the right of the black figure.
The Stereoscopic Matching Geometry of Ljunctions
To understand the local image properties responsible for the generation of the appearance of occlusion in Figures 5, 7, and 10, let us re-examine the geometric consequence of introducing horizontal disparity into the stereogram portrayed in Figure 7 . Relative depth was created by shifting one of the two "bars" horizontally in one of the half-images. This introduces (horizontal) disparity into the contours forming the two bar-shaped figures, leading -in part -to the percept of relative depth experienced when these half-images are fused. But notice what happens when horizontal disparity is added to one of the bars: the Ljunctions formed at the intersection of the two bars are not only displaced horizontally, they are also displaced vertically. How does the visual system treat these vertical displacements?
The role of vertical image differences in stereopsis has generated a large amount of debate (Anderson, 1994; Arditi, Kaufman, and Movshon, 1981; Cumming, Johnston, & Parker, 1991; Mayhew & Longuet-Higgins, 1982; Rogers, 1992; Rogers & Bradshaw, 1993; Rogers & Koenderink, 1986; Weinshall, 1990) . There is some recent evidence suggesting that vertical image differences may sometimes be interpreted as vertical disparities generated by differential perspective (Rogers & Bradshaw, 1993) . However, this interpretation only occurs for smaller magnitudes of vertical disparity than those present in Figure  6 , and requires that the half-images nearly fill the binocular field (e.g., compare Cumming, Johnston, & Parker (1991) with Rogers & Bradshaw (1993) ). In this paper, the vertical image differences that will be considered are generally much larger than those considered by Rogers & Bradshaw (1993) , and are spatially restricted to the location of the image junctions. One of us (Anderson, 1994) has provided conclusive evidence that such vertical differences are left unpaired, generating percepts of illusory occluding surfaces. Whereas previous work has emphasized the importance of the epipolar constraint for solving correspondence, in this paper we will demonstrate how this constraint can reveal the presence of occlusion relationships.
To understand the role of unmatchable features in illusory contour formation, let us analyze the matching geometry that arises when fusing the stereogram in Figure  7 . It should be noted that this analysis generalizes to all forms of L-junctions, so our focus on this figure is chosen purely for pedagogical purposes.
The restriction of matching to horizontal disparities implies that all eight of the L-junctions depicted in Figure 7 (four junctions for each of the two stereopairs) have a different neighborhood structure. In Figures 11a and 11b , the horizonal lines drawn between the two halves of the stereopair depict the problem of matching the four different junctions. In the schematic on the right of these patterns, N and F represent Near and Far contours (respectively) as specified by binocular disparity. These portions of the contour correspond to the "binocular" component of the stereoscopic matching neighborhood, since they consist of features that have been binocularly matched. L and R correspond to Left-and Right-eye monocular features; that is, portions of the contour that are visible in only the Left or Right eye's view. The L and R-eye features constitute the monocular "attachments" to the binocularly matched portion of the contour. In all cases depicted, the monocular features are seen at the same depth as the binocular portion of the contour to which they are attached. Note that the monocular features attached to the Near contour form part of the occluding contour, whereas the monocular portion of the contour attached to the Far contour forms part of the occluded contour. Previously, only half-occluded features were known to arise from binocular viewing. But both halfoccluded features and half-occluding features can arise when binocular viewing untextured patterns, and can even co-exist at a single L-junction. Figure 7 . In this pattern, the bar oriented at +45å ppears in front of the bar oriented at -45˚. The grey, horizontal lines drawn between the stereopairs connect corresponding image regions under the assumption that binocular matching is restricted to horizontal disparities. The schematics to the right of the stereopairs depict the qualitative depth relationships introduced by disparity (Near and Far) and the eye that contains a portion of the contour visible to only one of the two eyes (Left or Right eye). The qualitative structure of these neighborhoods, that is, the pattern of matchable and unmatchable features at the junctions, constitute the binocular matching geometry of these patterns. For example, in the top figure, the left eye contains a portion of the far contour not present in the right eye (half-occluded features), while the right eye contains portions of the near contour not visible in the left eye (half-occluding features). Note that all four junctions generate different matching geometries.
The preceding analysis reveals that there are at least two ways that a feature can be obscured or hidden from one of the two eyes' views in stereograms such as those in Figures 5,  7 , and 10. The most obvious way is if a feature is occluded in one eye, but visible in the other (generating half-occluded features). However, another way for a feature to be hidden in one eye is if the near (occluding) surface has exactly the same luminance as the far (occluded) surface. In this case, the nearer surface is "masked" by the far surface, which will generate half-occluding features when viewed binocularly. One of our primary goals is to analyze how the visual system treats these two kinds of monocular features.
Left eye
Right eye Figure 11b : Same as 11a, but now the depth relationships of the bars have been inverted. Note that matching geometry of these four junctions are all different from those presented in 11a.
The variety of binocular neighborhoods that exist in the simple stereogram in Figures 11a,b raises at least three questions. First, how many distinct neighborhoods exist? Second, what regularities underlie this apparent diversity? Third, what does each kind of feature contribute to the perceptual organization of these patterns? We will address each question in turn, beginning with the problem of how many distinct neighborhood structures exist. In this paper, binocular neighborhoods will be classified on the basis of their qualitative structure, defined as the geometric relationship between the ordinal depth specified by disparity (Near and Far) and the eye from which the unmatched features originate (i.e., Right or Left eye). Under this classification scheme, Figures 12a,b depict all of the binocular-monocular neighborhood relationships that can arise at L-junctions that intersect at 90˚ angles (the restriction of 90˚ intersections will be subsequently relaxed). As these figures reveal, there are sixteen distinct qualitative neighborhoods containing different patterns of binocular and monocular features that can form (eight for each of the two stereograms). What regularities underlie this geometric diversity? Figure  6 . These patterns were derived by restricting the angle at which the contours intersect to 90˚ and rotating the junction over the entire range of 360˚. Note that there are eight distinct qualitative neighborhood structures formed by these junctions, where qualitative neighborhood structure is defined as the relationship between the monocular features and the relative depth of the contour junctions.
A number of simple geometric constraints on the components of these binocular neighborhoods may be observed. Let us consider the near-monocular and the farmonocular contours separately, corresponding to the occluding and occluded contours respectively. Figure 13 reveals that there is a very specific mapping between the orientation of the contour, the eye-of-origin of the unmatched features, and whether the monocular features form part of the occluding or occluded contours. Specifically, by simply switching the eye that the unpaired portions of the contour originate, these monocular features switch from being portions of occluding to occluded contours (or vice versa). To illustrate, if the matched contours are oriented between ±90˚ and the monocular features at the contour's terminator are from the left eye, then this portion of the line must belong to an occluded surface (top right of Figure 13 ). But if the unpaired features originate from the right eye, then this portion of the contour must belong to an occluding surface (bottom right of Figure 13 ). This complementary relationship also holds for the remaining contour orientations: by simply inverting the relationship between the orientation of the contour and the eye from which the unmatched contours originate, the unmatched features change from being half-occluded to half-occluding. This analysis reveals a relationship between contour orientation and occlusion that has not been previously recognized. Figure  12b : Same as 12a, but the L-junction has been reflected. Again, note that there are eight distinct qualitative neighborhoods formed by these junctions, and that these all are different than those presented in Figure 12a .
Half-occluding monocular features The top of the figure depicts the relationship between contour orientation and monocular features that can be interpreted as half-occluded (that is, belonging to a far, occluded surface), and the bottom depicts the relationship between contour orientation and monocular features that can be interpreted as half-occluding (that is, belonging to the near, occluding surface). These relationships were derived under the assumption that the L-junctions intersected at 90˚ angles. In such cases, the relationship between the orientation of the fused portion of the contour and the eye-of-origin of the monocular features are inverted for the two perceptual interpretations of the features (half-occluded or half-occluding). However, in figures 14-17, we will see that this complimentary relationship breaks down as the contours become close to vertical and we allow for angles of intersection other than 90˚.
The most critical question we would like to address is: what do these two kinds of monocular features contribute to the perceptual organization of untextured stereopairs? In principle, the presence of these monocular features provide local information specifying that the depth difference generated by the disparity of the contours is due to the presence of an occlusion relationship rather than a smoothly warped surface in depth. However, we would like to know more than this. Specifically, we would like to know what each kind of monocular feature -half-occluded and half-occluding -contributes to the perceptual organization of these stereopairs.
The answer to this question bears critically on the kinds of processes thought to underlie the formation of illusory contours. Two kinds of processes have been hypothesized to underlie the formation of monocular illusory contours. One class of models asserts that the formation of illusory contours are driven by the responses of end-stopped cells that sense the ending of a contour at a contour junction (cf. Peterhans, von der Heydt, and Baumgartner, 1986; Finkel & Edelman, 1989) . Another class of models incorporate the role of processes that act along the contour in forming illusory contours (cf. Grossberg and Mingolla, 1985a,b; Lesher & Mingolla, 1993; Shapley & Gordon, 1987) . When these ideas are applied to stereoscopic images depicting occlusion configurations, the emphasis on the role of end-stopped units gives priority to the occluded surface in generating the occluding contour, whereas models emphasizing processes that act along the contour treat the occluding contour as being primarily responsible for the formation of illusory contours.
When considering stereoscopic variants of these stimuli, either kind of process will need to incorporate the monocularly visible features. This is because the contour junctions contain monocular image features, not binocular disparities. Minimally, these features would have to be integrated into the final percept, or in some way suppressed.
For example, consider the problem of applying an end-stopped model of illusory contour formation to stereograms such as those in Figures 5 and 7 . Instead of just sensing a luminance discontinuity, such end-stopped processes would need to detect the half-occluded features attached to the occluded contour. In theory, the presence of these features specifies an occluding surface, and might be used in forming illusory contours. The same could be true of the half-occluding features: if processes acting along the occluding contour were responsible for the appearance of illusory contours, then there could be mechanisms sensitive to half-occluding features that play a significant role in the formation of illusory stereoscopic contours.
In order to determine the role played by halfoccluded and half-occluding monocular features in stereoscopic illusory contour formation, we need to generate stereograms that isolate these two features and compare the percepts that result from this manipulation. There are at least two ways to do this. We can generate stereograms composed of sets of individual contours that contain halfoccluded and half-occluding features (determined by the eyeof-origin relationships depicted in Figure 13 ) and evaluate the perceptual consequence of this manipulation. Alternatively, we can present L-junctions that contain only one of the two kinds of monocular features and compare the relative stability of the percepts that result with each feature. If there is a difference in stability, then this would imply that the visual system has a higher sensitivity to these two types of monocular features. We will begin with the former approach, and turn to the latter immediately following. When the two left columns are cross fused, the vertical contours appear behind illusory occluding contours that group to form illusory "windows" (shown schematically in the left pattern of (D)). These illusory contours are created by purely vertical image differences in the relative position of the (real) contour terminators.
Such vertical image differences are consistent with the contours being occluded by an obliquely oriented occluding surface. When the right two columns are cross fused, local illusory contours form in the opposite direction, generating the appearance of a saw-toothed contour (shown schematically in the right pattern of (D)). (Adapted from Anderson (1994) with permission.)
Stereoscopic "I-junctions"
The preceding discussion focused on the role of vertical image differences in specifying the presence of unmatchable features at L-junctions. For L-junctions forming 90˚ intersections, we found that there was a complimentary relationship between the orientation of the contour, the position of the monocular attachments to the contour, and the interpretation of the monocular features as half-occluded or half-occluding. This finding allows us to compare the role of each kind of feature to the formation of illusory contours. Specifically, we can examine the impact of introducing vertical image differences into simple line stimuli to determine how the visual system treats halfoccluded and half-occluding features when they are isolated from other forms of binocular features generated at Ljunctions. The relationship between contour orientation and the eye-of-origin of the unmatched (that is, vertically displaced) features allows us to evaluate the relative role of the two kinds of features in generating illusory contours.
In a recent paper, one of us (Anderson, 1994 ) generated patterns similar to those presented in Figure 14 . It was shown that configurations that contained unpaired terminators that could be interpreted as half-occluded led to the formation of illusory contours that appeared in front of and occluding the ends of the line segments. This fact has important implications for the two theories of illusory contour formation described above. Specifically, these demonstrations provide compelling evidence that the mechanisms underlying the formation of stereoscopic illusory contours exploit end-cutting responses initiated by the presence of half-occluded features. It is important to point out that this result does not rule out the possibility that processes acting along the contour are also playing a role in the formation of illusory contours. Rather, we have simply demonstrated that end-cut or end-stopped type processes are definitely contributing to the formation of illusory stereoscopic contours.
Note that the patterns in Figure 14 contain vertically oriented contours that were completely absent in Figure 13 . In the analysis of L-junctions, we found a complimentary relationship between the orientation of a contour and the eye-of-origin of the monocular features, at least for L-junctions that formed a 90˚ intersection. However, if the entire range of angles of intersection that can arise at L-junctions are considered, this complimentary relationship breaks down as the occluded contours become close to vertical. Specifically, if an occluding surface is obliquely oriented relative to the observers line of sight, both left-eye and right-eye monocular features can be generated for a vertically oriented (occluded) contour at either end of the contour. For example, right-eye half-occluded features above a fused, vertically oriented contour will be generated by an occluding contour with a positive slope. Similarly, left-eye half-occluded features above a fused, vertically oriented contour will be generated by an occluding surface with negative slope. Remarkably, if the occluding surface is not present, but a single, vertically oriented contour is presented to both eyes with some vertical displacement of the terminators, observers experience illusory contours that appear to occlude the ends of the line segments (see Figures 14 & 15a,b) . Observers report that these illusory contours appear to have both a depth and an orientation. If the vertical line is displaced upwards in the right eye, then observers report that the illusory contour has a positive slope; but if the vertical line is displaced upwards in the left eye, then observers report that the illusory contour has a negative slope. The perceptual result allows us to obtain a more objective measure of observers sensitivity to this form of information. Specifically, we can require observers to identify the apparent orientation of the subjective contours generated by the vertical displacement of an I-junction in a two-alternative forced choice experiment.
Experiment
1: Measuring Sensitivity to Vertical Image Differences at I-junctions Methods Subjects. Two experienced stereoscopic observers with normal or corrected to normal vision served as subjects. One observer was one of the authors (BA), and the other was a faculty member of Rutgers University (TP).
Apparatus. The stimuli were presented on a Macintosh Quadra 800 computer equipped with a Supermac monitor driven by a SuperMac Spectrum video card. Observers initially viewed the displays from approximately 57 cm in a dimly lit room through a mirror haploscope. However, because observers were so sensitive to the information presented, smaller values of vertical displacement were assessed by increasing the viewing distance to 114 cm, 171 cm, and 228 cm.
Stimuli and Procedure. Examples of the stimuli used in the experiment are shown in Figure 15a ,b. The patterns consisted of a small line segment (100.6 min arc long, 4.68 min arc wide when viewed from 57 cm) that was vertically displaced by a variable amount in one of the two eyes (9.36, 7.02, 4.68, 2.34, 1.17, .878, and .58 min arc). Displacements were restricted to integer multiples of the pixel size (= 2.34 arc min viewed from 57 cm). Small squares (9.36 min arc) were placed on the line segments and large squares (28 min arc) were placed in the surround to present a framework in which the vertical image displacements could be defined. Note that if such features were not present, a slight rotation of the head could eliminate the vertical image differences present in the line targets. The small squares had no horizontal disparity shift relative to the line segments, while the large squares had a fixed near disparity shift of 4.68 min arc.
Observers viewed a random sequence of images in which the vertical contours were displaced in either the left or right eye. They were required to specify whether the illusory contours appeared to have an orientation that was of positive or negative slope. No time limit on responses was imposed; the display was present for as long as it took observers to respond.
Results.
As shown in Figure 16 , observers could reliably use the information contained in the unpaired terminators to accurately recover the orientation of the illusory contours. Even for vertical displacements as small as 1 min arc, observers could recover the orientation of the occluding contour significantly better than chance.
Hence, by interpreting the vertical image differences as half-occluded features, the visual system constructs a vivid representation of an oriented occluding contour in depth. No existing theory of illusory contour formation or stereopsis predicts this result. This stimulus will henceforth be called a stereoscopic I-junction.
Percepts Figure 15 : Schematic illustrating the formation of illusory contours with single line targets ("I-junctions"). Crossed fusers should fuse the left two columns, divergent fusers the right two columns. The far right column depicts the illusory contours formed by these patterns.
In figures A-E, the formation of illusory contours is created by the presence of interocular differences in the vertical positions of the line terminators that are left unpaired. In F, similar illusory contours are observed even in the absence of vertical image differences. Hence, it is not the presence of vertical image differences per se that is responsible for the formation of illusory contours; rather, the illusory contours are formed because the line terminators are interpretable as being halfoccluded. 
Discussion
While observers can reliably recover the apparent orientation of the illusory contours in this experiment, the fact that the subjective contour appears oriented for vertically oriented line targets is surprising, as there is no unique relationship between the size of the vertical image displacement generated by an occluding contour and its orientation. In other words, the same vertical displacement can be generated by a variety of depths and orientations of the occluding contour. This geometric fact is demonstrated in Figure 17 . Figure 17 depicts a number of different occluding surfaces that would generate the same extent of vertical occlusion for a vertically oriented contour. Note that the same vertical image difference can be generated by surfaces that are close to the vertical contour in depth but oblique in orientation, or by a surface that is widely separated in depth but nearly perpendicular relative to the occluded contour's orientation.
This ambiguity in the depth and orientation of the occluding surface is present for virtually all orientations of the occluded contour (with the exception of contours that are perfectly horizontal relative to the observer's line of sight). Figure 18 depicts the variety of possible surface depths and orientations that generate a half-occluded region of fixed extent for a number of orientations of the occluded contour. This figure reveals that there is an inherent ambiguity in the orientation and depth of the occluding surface generating the half-occlusions. The extent of this ambiguity depends on the orientation of the occluded contour. If the occluded contour is perfectly horizontal, then a half-occluded region of a fixed extent can be generated by a wide family of surfaces with a fixed depth but different orientations. In contrast, as the occluded contour becomes more vertically inclined, there is a systematic trade-off in the depth and orientation of the occluding contour that will generate a half-occluded region of a fixed extent. For example, if the contour is vertically oriented and the top portion of the contour is occluded, then a vertical image difference of a given size will be generated by either an occluding surface with a small negative slope and a large depth separation, or by an occluding surface with a large negative slope and a small depth separation. A depiction of the inherent ambiguity in the orientation and depth of the occluding surface generating the unpaired (half-occluded) contour terminator. (A) Cross fusers should fuse the top left two patterns, divergers that right two patterns. All of the surfaces shown generate the same amount of vertical image difference of the occluded contour (the thin, vertical line), but all of the surfaces have different orientations and depths. In (B), the thin black lines schematically depict the relative disparities of the different occluding surfaces. In (C), the left side of these lines are aligned to highlight the difference in disparity of these surfaces. Note that as the occluding surface becomes more horizontally oriented, that a larger depth difference (disparity) is needed to generate a fixed amount of unpaired region of the vertical contour.
Figure 18:
Stereograms depicting occluded contours of different orientations with half-occluded regions of a fixed size (cross fusers should fuse left two columns, divergers the right two columns). Within any given stereopair, the rectangular surfaces all generate the same size half-occluded regions. Note, however, that as the occluded contour becomes more vertically oriented, that there is an inherent trade-off in the depth and orientation of the occluding surface that can give rise to a halfoccluded region of fixed size. The only exception to this is for contours that are perfectly horizontal relative to the observer's line of sight. For this case, the size depth of the occluding surface is fixed and independent of orientation.
In general, a unique depth and orientation can only be derived through interactions with other depth information that specifies either the depth and/or orientation of the occluding surface. Examples of such patterns are reprinted in Figure 19 , some of which were presented previously (Anderson, 1994) . These images contain a series of local Ijunctions can be integrated into coherent illusory surfaces. This form of perceptual integration has not been previously known to exist and, as we discuss below, provides challenges for current theories of modal and amodal completion.
(A) (B) (C) Figure  19 : Stereopairs illustrating the resolution of local uncertainty in depth and orientation of an occluding contour by interaction with neighboring half-occluded features (cross fusers should fuse the two left columns, divergers the right two). In (A), the vertical contours appear behind two curved occluding surfaces. In (B), the occluding surfaces appear tilted in opposite directions in depth. In (C), the occluding surfaces appear both curved and tilted in depth.
Two critical conclusions emerge for the patterns and results presented in Figures 14-19 . First, note that the interpretation of features as half-occluded only occurs for a restricted family of orientations of the occluded contours. The omitted orientations are not geometrically consistent with an occluding surface, and consequently, cannot be involved in the formation of illusory surfaces. Second, while there exists inherent ambiguity in the depth and orientation of the occluding contour, not all contour orientations are possible. Hence, while the interpretation of a portion of a contour as half-occluded cannot signal a unique depth and orientation, it can provide a limited number of possible values for each. These ambiguities may be resolved by interacting with neighboring contours, such as those depicted in Figures 14 and 19 . However, in some cases, a single contour may generate an oriented response (e.g., Figure 15a,b) . In particular, occluded contours that are nearly vertical relative to the observer's line of sight may generate an oriented signal even in the absence of neighboring half-occlusions. This is because the sign of the occluding contour's orientation -that is, whether the occluding surface has a positive or negative slope -can be uniquely determined by sensing the geometric relationship of the half-occluded region to the portion of the vertical contour that is fused. The fact that observers can sense the orientation of the illusory contour implies that this information is sufficient to generate an oriented response. More significantly, this percept implies that the mechanisms responsible for constructing these illusory contours sense the geometric relationship between the fused segment of the contour and the eye-of-origin of the monocular features.
Figure
20:
Stereograms depicting the impossibility of generating half-occluding features at I-junctions. Cross fusers should fuse the left two images, divergers the right two. In the top pattern, the unpaired terminators are in the right eye, which is geometrically consistent with a near, occluding surface. Illusory contours are observed. Note that half-occluding features can be generated independently of the luminance of the occluding surface. In contrast, half-occluding features can only be generated if the far surface has exactly the same luminance as the contours (depicted in the bottom stereopairs). However, the presence of this black surface transforms the I-junction into a Tjunction.
The critical property shaping the formation of these illusory contours at I-junctions is the presence of features that can be interpreted as half-occlusions. When the eye-oforigin of the unmatched features is inconsistent with this interpretation, the unmatched terminators become unstable and initiate rivalry (Anderson, 1994) . This would seem to eliminate the possibility that half-occluding features are contributing to the formation of illusory contours. However, it can be argued this may not be a fair test of the importance of half-occluding features in constructing illusory contours, since it is not possible to generate halfoccluding features at an I-junction. To see this, consider the stereograms in Figure 20 . Half-occluding features can only be generated if there is a far surface that exactly matches the luminance of the near contour. In the example presented in Figure 20 , this requires the presence of a black surface with a positive slope. But note that the presence of the far black surface in Figure 20 transforms an I-junction into a Tjunction. If the black background is absent, an I-junction is formed. Is there any way to evaluate the contribution of half-occluding features to the formation of illusory stereoscopic contours?
Comparing the stability of Half-occluding and Half-occluded features at Degenerate L-junctions
A method for comparing the role of half-occluded and half-occluding features in constructing illusory contours at L-junctions may be observed by studying the stereoscopic matching neighborhoods depicted in Figures 12a,b . Note that if one of the contours forming the L-junction is horizontal relative to the observer's line of sight, then only one of the two types of monocular features will be generated. All other contour orientations will generate both half-occluding and half-occluding features.
Hence, horizontal, untextured contours may be considered degenerate with respect to both disparity computations and with respect to the specification of monocular features. For example, consider the stereopairs depicted in Figure 21 . The only unambiguous disparity signals of the horizontal bar arise along the vertically oriented contours at the bar's ends. Furthermore, the fact that the bar contains contours that are horizontal also implies that no vertical displacements occur at the junctions of the horizontal bar with the vertical bar, and hence, there is no straight-forward method for determining what features are unmatchable at the Ljunctions. However, this ambiguity provides a means of determining whether the visual system treats half-occluding features differently than half-occluded features. To see how, consider what happens when a near disparity is introduced to the ends of the horizontal bar. When the left two stereopairs of Figure 21 are (cross) fused, a number of percepts are possible. One is of a horizontal bar in front of a vertical bar, generating an illusory contour that appears to occlude the vertical bar. As illustrated in Figures 12a,b , this organization implies that the visual system is interpreting a portion of the L-junction as half-occluding features. Alternatively, the visual system could treat the differential length of the contours as arising from the foreshortening of a tilted or curved surface, which would cause the horizontal segments to appear tilted or curved in depth. This organization would treat all features as matchable, but at different depths (or disparities). 
21:
Stereograms used to assess the relative contributions of half-occluded and half-occluding features to the formation and stability of illusory stereoscopic contours. In one pattern (left two figures for crossed fusion, right two for divergent fusion), the vertical limbs of the horizontal bar appear closer in depth than the vertically oriented contour, whereas the depth relationships are reversed for the right two patterns (right two figures for crossed fusion, left two for divergent fusion). Observers uniformly report that when the outer limbs of the horizontal bar appear behind the vertical contour, a relatively stable percept of occlusion is generated in which a horizontal bar appears in a single plane behind the vertical bar. This interpretation implies a decomposition of the horizontal contours into a constant disparity and half-occluded features. In contrast, observers report that the reversed case (horizontal bar in front of a vertical bar) is much less stable, and varies in perceived depth with changes in vergence and attention. This interpretation would require that a portion of the horizontal limbs be interpreted as half-occluding features. The difference in stability of these two patterns implies that a decomposition into disparities and half-occluded features is more stable than a decomposition into disparities and halfoccluding features.
Compare this stereogram to the right two halfimages in Figure 21 . This pattern was created by simply interchanging the left two half-images in Figure 21 . Again, there are at least two kinds of percepts possible. One is of a vertical bar occluding a horizontal bar. As before, this organization entails treating some of the image features as monocular. However, for this configuration, the monocular features present would be half-occluded, not half-occluding. The other possible percept is of a horizontal bar tilted or curved in depth.
From the perspective of disparity interpolation, there is no difference between the two stereopairs presented in Figure 21 : both are equally good candidates for interpreting the differential length of the horizontal segments as foreshortening, generating a percept of tilt and/or curvature. But there is a significant difference in the kind of monocular features generated for the two possible occlusion interpretations. When the vertical bar is perceived as occluding a (fronto-parallel) horizontal bar, the extra length of the horizontal segments are treated as halfoccluded features. In contrast, when the horizontal bar is perceived as occluding the vertical bar, some portion of the horizontal contours are being interpreted as half-occluding features. Thus, if there is any difference in the stability of the occlusion configurations that arise when viewing these patterns, then it would indicate that the visual system treats half-occluding and half-occluded monocular features differently. The goal of Experiment 2 was to determine whether there was any difference in the perceptual stability of these two patterns.
Experiment 2: Asymmetries in Modal and Amodal Completion
To determine if there was any difference in the stability of the two stereopairs in Figure 21 , we began with a simple experiment in which 12 observers were shown the stereopairs depicted in Figure 21 and asked to compare the stability of the horizontal contour's apparent depth in the two patterns. They were then instructed to decide which of the two patterns was more stable. The results of this experiment were completely uniform. All observers reported that the horizontal bar was more stable when it appeared occluded than when it appeared as occluding the vertical bar (p « .001). That is, when the outer limbs of the horizontal bar appeared in front of the vertical bar, observers reported that the horizontal bar appeared tilted, curved, or at the same depth as the vertical bar when they shifted vergence or attention across the image. In contrast, observers reported that the stereopairs in which the outer limbs of the horizontal bar were behind the vertical bar exhibited comparatively fewer depth fluctuations: Observers report that the vertical bar predominantly appears to occlude the horizontal bar, which forms a single depth plane behind the vertical contour. While a number of observers did report fluctuations in the depth of this configuration as well, all observers reported that this organization was clearly more stable with respect to changes in vergence or attentional shifts when compared to the stereopair on the left of Figure  21 .
While this result provides clear evidence that there is a strong asymmetry in the stability of these two stereograms, we decided to develop a more "objective" (i.e., performance based) measure of the reported asymmetry in these figures. In the study described above, observers were allowed to freely view these stereograms for as long as possible to make their decision. In performing this experiment, we noticed a rather interesting effect: observers typically took much longer to resolve the stereoscopic depth when the images were consistent with a horizontal bar occluding the vertical bar than vice versa, even though they typically attempted to fuse this stereogram first (since they were the two left stereopairs in the figure) . This suggested the possibility that we might be able to measure the asymmetry described above in a discrimination experiment in which the two patterns were presented briefly. 
Methods
Subjects. Two observers with normal or corrected to normal vision served as subjects. Both were experienced psychophysical observers that were naive about the purpose of the experiment.
Apparatus and Procedure. The displays were presented on a Silicon Graphics Indy that were controlled by a StereoGraphics CrystalEyes system. Observers viewed the displays from a distance of 57 cm. Figure 22 presents the display sequence for a single trial. In each trial, two "targets" are presented, and each is followed by a mask. In one of the target intervals, a figure is presented that contains relative depth between the horizontal and vertical bars ("target" in Figure 22 ), while the other interval contains no depth difference ("zero-disparity control" in Figure 22 ). The width of the bars was 33.6 min arc, and the length was 336 min arc. The observers were required to determine which interval contained the figure with a stereoscopic depth difference. The two targets were presented for 200 msec, and were followed by a mask in the shape of an asterisk that lasted 333 msec. A blank interval of 1.67 sec separated the two target/mask intervals. The bars defining the asterisk shaped mask were assigned random disparity values that covered the range of disparities assigned to the targets (1.68 -10.08 min arc).
Both observers ran pilot studies to determine the combination of spatial and temporal parameters that allowed the entire range of sensitivity to be measured (that is, from chance performance of 50% correct to ceiling performance of 100% correct). For observer AF, this range covered six values of disparity (1.68 -10.08 min arc), while for SA, this range spanned four disparity values (5.04-10.08 min arc). The other spatial and temporal values were held constant for the two observers. A block of trials consisted of 30 trials for each combination of disparity and relative depth.
Results.
The results of this experiment are shown in Figure  23 for the two observers. The pattern of results support the asymmetry that was reported when observers simply judged the relative stability of the two stereopairs. Specifically, both observers found it substantially more difficult to detect relative depth for the configuration consistent with the horizontal bar occluding the vertical bar, than when the depth configuration was reversed. Thus, there is converging evidence that there is a significant asymmetry in the ability to achieve and maintain the perceptual organization in the two stereopairs depicted in Figure 21 .
One of the critical points that we will develop below is that no existing theory of disparity interpolation can account for the difference in the stability of these two patterns. Indeed, this result provides conclusive evidence that modal and amodal completion in stereopsis involves distinct mechanisms, unlike some recent theories that have suggested otherwise (cf. Kellman & Shipley, 1991) . We contend that this asymmetry can be understood, however, if we consider the kinds of monocular features generated by the perception of the horizontal bar in the two possible occlusion interpretations. When the horizontal bar was perceived in front of the vertical bar, this implies that the visual system decomposes the patterns into disparities and half-occluding monocular features. But when the horizontal bar appears behind the vertical bar, this implies that the visual system decomposes the images into disparities and half-occluded features. The difference in the stability of the two patterns implies that a decomposition of a stereopair into disparities and half-occluded features is more stable than a decomposition into disparities and half-occluding features, a fact that sheds light on the mechanisms underlying illusory contour formation (see discussion below). Both observers found it significantly more difficult to discriminate the depth configuration in which the horizontal bar occluded the vertical bar (i.e., the configuration that would generate half-occluding features) from the zero-disparity pattern, than the depth configuration in which the vertical bar occluded the horizontal bar (i.e., the configuration that would generate half-occluded features). This would not be predicted by theories of modal and amodal completion that rely on common mechanisms for generating both forms of completion (see Section 4).
Why would half-occluded features be more stable than half-occluding features? A possible answer to this question may be found by considering the relative frequency with which the two kinds of monocular features arise in natural settings. While both kinds of monocular features may arise in principle, monocular features that form portions of occluding contours are rarer than half-occluded features. This follows from the fact that for many occlusion configurations, either the occluding contour will have some visible contrast relative to the occluded surface, or the halfoccluding features will be accompanied by half-occluded features at the L-junction.
Indeed, if an occluding, untextured L-junction does not contain a contour that is perfectly horizontal or vertical relative to an observer's line of sight, then both half-occluded and half-occluding features are guaranteed to be present at the junction. In contrast, half-occluded features are much more frequent than halfoccluding features, as they are generated for all occlusions configurations except for occluding contours horizontal relative to an observer's line of sight.
From this perspective, half-occluded features should be a more reliable cue for the presence of occluding surfaces than half-occluding monocular features. If sensitivity to the variety of features that arise from binocular viewing is shaped by the relative frequency of exposure, then this would predict a greater sensitivity to half-occluded features than half-occluding features. Indeed, the relative instability of half-occluding features suggests that in many conditions in which they arise, half-occluding features may derive some of their stability from the half-occluded features.
In sum, we have argued that stereograms such those in Figures 5, 7 and 10 appear as occluding and occluded surfaces because these stereopairs are decomposed into matchable and unmatchable features. This decomposition will result whenever there are vertical image differences present at the stereoscopic L-junctions, as these image differences cannot be fused.
The decomposition of stereograms into matchable and unmatchable features is needed to understand why these stereograms do not generate percepts of smoothly interpolated surfaces, such as those observed sporadically in Figure 21 . However, the fact that the stereopairs in Figure 21 can also generate percepts of occluding surfaces implies that vertical image differences are not necessary for this decomposition. Rather, vertical image displacements are used to stabilize this decomposition. Finally, we found that a decomposition of stereograms into disparities and half-occluded features was more stable than a decomposition into disparities and half-occluding features. This result -together with the findings reported in the previous section -suggest that half-occluded features are playing a larger role in the formation of illusory occluding stereoscopic contours than half-occluding features.
Stereoscopic T-Junctions: Illusory Transparent Surfaces
The previous sections focused on two forms of image junctions that generate percepts of illusory, occluding contours: L-and I-junctions. In this section, we will see that similar illusions can occur at T-junctions as well. However, instead of generating percepts of occluding surfaces, the presence of another luminance at stereoscopic junctions leads to percepts of transparent surfaces. We will not attempt a comprehensive analysis of the critical properties underlying the perception of transparency, or an analysis of the brightness illusions that can arise in such patterns (see, e.g., Adelson, 1993) . Instead, our primary focus will be to understand how illusory contours are formed at stereoscopic T-junctions.
One distinction that arises when considering transparency is that of "subtractive" versus "additive" transparency (cf. Beck, 1985) . Subtractive transparency refers to transparent surfaces that reduce the amount of reflected light emanating from a given visual direction. Sunglasses are a good example of this form of transparency. In contrast, additive transparency refers to transparent surfaces that increase the amount of reflected light from a given visual direction. An example of this would be viewing a white, translucent film against a dark background: most of the luminance projected to the eye will actually be due to the translucent film, not the background. Technically, the terms "additive" and "subtractive" are not mathematically correct.
For example, in natural environments, "subtractive" transparent surfaces typically divide the amount of light coming from a region, they do not subtract light. However, in the kinds of displays considered here, it is not clear that the percepts of transparency follow these analytic constraints, so the terms "additive" and "subtractive" will be used here as heuristic descriptions consistent with the terminology introduced by Beck (1985) . Because the focus of this paper is concerned with the formation of illusory contours on theories of stereopsis and their relationship to the binocular matching geometry of contour junctions, the technical issues underlying the terms subtractive and additive will not be addressed herein. Those interested in more sophisticated analytic treatments of transparency perception should refer to a recent paper on this topic (Kersten, 1991) . Figure 24 reveals that there are 12 different kinds of stereoscopic T-junctions that can arise:
6 different luminance combinations (3!), and 2 different depth relationships (near and far). We will proceed by first demonstrating the different forms of transparency that can be observed with these junctions, and then turn to our analysis of the matching geometry of these patterns. Similar illusions were described by . 
Case 1: Transparent "Figures"
First, let us begin by examining the T-junction analog of the simple X shaped stereopairs that were analyzed above. In the discussion that follows, crossed fusion of the stereopairs will be assumed (this will reverse the depth of the stereopairs for divergent fusers or if viewed with a stereoscope). When the left stereopairs in Figure 25 are fused, the "top" of the T-junctions appear in front of the Tjunction "stems" (see Figure 6 for the meaning of this terminology). For this depth configuration, the grey bars appear to be occluded by either a black (top stereopair) or white (bottom) bar. However, when the stem appears in front of the top of the T-junctions, illusory transparent surfaces are formed. In the top right stereopair, the grey bar generates a percept of "subtractive" transparency, with the white background visible through the darker, grey filter. In contrast, the bottom right pattern generates a percept of "additive" transparency: the black background appears partially visible through a frosty, white surface. Thus, when the T-stems are in front of the T-tops, illusory contours are formed. The side of the T-stem that contains the intermediate luminance appears transparent, and the type of transparency (additive or subtractive) is determined by the luminance on the other side of the T-stems (dark or light, respectively). The same pattern of transparency is observed with T-junction analogues of the Kanizsa Figure as well (see Figure 26 ). Figure 23 , except now the illusory surfaces that form create transparent holes rather than slits.
Case 2: Transparent "Grounds"
In the stereograms depicted in Figures 25 and 26 , the side of the T-stems that contained the intermediate luminance appeared transparent. For these stereopairs, the intermediate luminance formed a grey bar. In the stereopairs depicted in Figure 27 , the relative positions of the luminances of the T-junctions stems are interchanged such that the background now contains the intermediate luminance. This can lead to a dramatic transformation of the percepts of these patterns: for the stereopairs generating illusory contours (right two stereopairs in Figure 27 ), the white (top) or dark (bottom) bars can now appear as "slits" rather than figures. Specifically, the top right stereopair can be perceived as an illuminated background viewed through a (subtractive) transparent surface in which a slit has been cut. The same percept can be achieved in the bottom right figure, except now the transparent surface appears as a white, translucent material covering a dark background. Similar percepts are achieved with the stereopairs in Figure 28 . Figures 21-24 , no luminance appears to be attached to the illusory contours that weakly form in these images.
Case 3: "Glass"
The last set of configurations place the intermediate luminance at the top of the T-junction. In the two cases outlined above, the intermediate luminance was on the side of the T-junction stem. Note that the stem of the Tjunctions generate illusory contours when it is in front of the T-junction top. The percepts of transparency that arose above were created by the decomposition of the intermediate luminance into the appearance of two surfaces: a near, transparent surface, and a far, dark or light region. However, when the intermediate luminance is on the top of the Tjunctions, there is no way for the intermediate luminance to perceptually "split" into the appearance of two surfaces and generate illusory contours (see Figure 29) . Consequently, observers find these stereograms very unstable. When a percept of transparency is achieved, observers report that it appears as a perfectly clear surface, such as glass. This can be experienced in Figure 30 as well.
The Binocular Geometry of T-Junctions
While stereoscopic I-and L-junctions generated percepts of illusory occluding surfaces, stereoscopic Tjunctions can elicit percepts of illusory transparent surfaces. Despite the differences between these percepts, we will argue that the processes underlying the formation of illusory contours are similar to those underlying the formation of illusory contours in displays depicting occluding surfaces described in the previous sections.
Let us begin by examining the pattern of binocular and monocular features generated by the stereogram depicted in Figure 25 . As before, our analysis assumes that vertical image differences cannot be matched. However, unlike the patterns shown in Figure 7 , note that the bar oriented at -45˚ contains visible contrast along its entire length. Thus, when the grey bar in Figure 25 appears in front of the black bar in depth, the only purely monocular features that arise in these images are those that belong to the near contour. Nonetheless, vivid subjective contours are seen, forming a transparent surface that appears to continue across the black bar. This would seem to suggest that the formation of illusory contours at stereoscopic T-junctions must be driven by processes that act along the near contour, since no purely monocular features exist at the far surface to generate "end-cut" responses. However, a closer analysis of this figure suggests that this conclusion may not be warranted. First, note that while the black bar in Figure 25 has visible contrast along its entire length, there is a significant contrast difference generated by the vertical displacements of the stereoscopic Tjunction. In theory, it is possible that these local contrast differences may be capable of producing end-cut responses similar to those observed with purely monocular features (such as those generated in Figure 14) . Indeed, a recent paper (Anderson & Nakayama, 1994) presented a series of experiments revealing that contrast differences are integral to the computation of an occluding contour. While it is true that Figures 25 -30 generated percepts of transparent surfaces, not occluding surfaces, the computation of contours (real or illusory) may be mediated by a separate set of mechanisms than those involved in the "filling-in" of surface quality (see, e.g., Grossberg & Mingolla, 1985a,b; Grossberg, 1994a,b) . If this were true, then the contrast differences used in the computation of occluding contours may also be used in generating the contours that support percepts of illusory transparent surfaces. In other words, the processes underlying the computation of occluding and transparent contours may be identical if there exists other mechanisms that can account for the difference in the appearance of the surface regions attached to the contours.
Evidence to support a common mechanism of illusory contour formation that relies on interocular differences in contrast is presented in Figure 31 . The patterns in this Figure are nearly identical to those in Figure  14 but with one significant difference: rather than displacing the contours vertically in one of the two eyes, the contours are now identical in length, but the portion of the terminators that were previously unmatched now simply differ in relative contrast. In principle, these terminators could simply be matched to the terminators in the other eye, which would eliminate the formation of illusory contours. Indeed, the half-images of RDSs that differ by the same amount of contrast can be fused and yield vivid stereoscopic depth (Julesz, 1971 ; see Figure 32 ), so it is possible that these contrast differences might simply be overwhelmed by mechanisms seeking to achieve correspondence. However, as can be seen by fusing the half-images in Figure 31a , this does not occur: when the contrast difference of the contours is sufficiently large, subjective contours are again observed to form in front of the vertically oriented inducing contours. We will refer to these features are partial half-occlusions, since they are only partially obscured in one of the two eyes. However, if the terminators of the contours differ in contrast polarity, the formation of illusory contours is more difficult to obtain (see Figure31b Figure 13 , except that the portions of the contours that were unpaired are replaced with contours that simply differ in contrast (identical to the contrast differences presented in Figure 28 ). In principle, these contrast differences could be fused, which could eliminate the formation of illusory contours. However, this does not occur. When the top two left figures are (cross) fused, an illusory window appears in front of and surrounding the line segments. This demonstrates that interocular contrast differences can be used in constructing illusory contours. See text for details.
The formation of illusory contours in Figure 31a reveals that end-cut processes generated by interocular contrast differences can contribute to the formation of illusory contours at stereoscopic T-junctions. A geometric analysis of a stereoscopic T-junction must therefore include the location of the contrast mismatch, as this information contributes to the computation of illusory contours. In a sense, even the half-occluded features that arise at Ljunctions are just extreme versions of contrast mismatches in which one of the contrast values is zero. However, whereas the L-junctions we considered gave rise to occluding contours independently of the luminance relationships at the L-junctions, the formation of illusory surfaces at stereoscopic T-junctions is highly sensitive to the luminance relationships at the junction. Specifically, in the patterns presented above, we observed three distinct types of transparency depending on the distribution of luminances forming the T-junctions. How do these distinct percepts depend on the matching geometry of stereoscopic T-junctions?
First, let us consider Cases 1 and 2 above, that is, those conditions in which the intermediate luminance was on one side of the T-stem. The geometric consequence of introducing disparity is obvious, so we will focus on the contrast mismatch generated along the far contour. To understand our analysis, consider again the matching geometry generated at stereoscopic L-junctions. When the far contour contained half-occluded features, this meant that one eye had a region of oriented contrast that was absent in the other eye. We observed some consistent geometric regularities underlying the orientation of the contour and the eye-of-origin of the extra contrast. Specifically, we found that there was a (nearly) complementary relationship between contour orientation, the relative depth of the binocular component of the contour, and the eye-of-origin of the half-occluded terminators. Note that the half-occluded features were those that contained the "extra" contrast of the L-junctions. In order for this result to generalize to stereoscopic T-junctions, the relationship between contour orientation and the eye-of-origin of the larger contrast should be identical to the relationship observed for L-junctions. In other words, the relationship between contour orientation and the eye that contains the "extra" contrast at a stereoscopic T-junction should be identical to that found for L-junctions. However, when considering stereoscopic Tjunctions, there is a new subtlety that emerges: there is an inherent ambiguity in characterizing which portion of the top of the T-junction we should refer to as "owning" the contrast mismatch, since there are features on either side of the T-junction that have identical interocular contrasts. This ambiguity is illustrated in Figure 33 . Our solution to this problem is to treat the portion of the T-junction with the highest contrast as "owning" the contrast mismatch (bottom left of Figure 33 ). There are three reasons for this choice. First, since we will treat the eye with the higher contrast region as the transparent equivalent of half-occluded features, it is appropriate to view these features as belonging to that portion of the contour with the same contrast. Second, this choice leads to an analysis that is essentially identical in character to our preceding analysis of L-junctions. Third, and most significantly, this choice correctly identifies those configurations that lead to the formation of illusory contours (cf. Figure 31a) . Schematic depicting the contrast difference generated at stereoscopic T-junctions along the contour forming the "top" of the T. (a) The black bar is shown with a disparity that places it behind the grey bar in depth. The contours forming the tops of the T-junctions have visible contrast along their entire length. This implies that there are no completely unmatchable features belonging to the far surface when this contour appears behind the grey bar. However, there is a substantial contrast difference along the far contour. (b) The ambiguity in deciding which side of the top of the T-junction (larger or smaller fused contrast) should be considered as "owning" the contrast mismatch. (c) Schematic showing that choosing the higher contrast portion of the contour as "owning" the contrast mismatch leads to the same geometric relationships as those depicting in Figure 12 for the half-occluded features.
As shown in Figure 27a , these configurations lead to the formation of "end-cut" illusory contours. See text for details.
Let us work through some specific examples to clarify the meaning of our preceding comments. Figure 34 depicts examples of illusory contours formed in Cases 1 and 2 described above. In this Figure, we have only identified the contrast mismatches along the far contour to keep our analysis as simple as possible (here, the black bar oriented at 45˚). However, the reader should keep in mind that there are also unpaired features that belong to the near contour as well. Note that if we treat the contrast mismatch along the far contour as belonging to the higher contrast region of the (far) contour, then we can see that the binocular matching geometry of these T-junctions is identical to the matching geometry of the L-junctions.
Specifically, the two examples at the top of the figure contain stronger monocular features in the left eye than in the right, whereas the opposite pattern is observed in the two patterns on the bottom. If this is compared with Figure 13 , it can be seen that these configurations are precisely those that generated end-cut responses at stereoscopic L-and I-junctions. This suggests that a common set of end-cutting responses are operating to form illusory contours in patterns that generate percepts of both occluding and transparent surfaces. Moreover, this analysis reveals that the binocular matching geometry of stereoscopic L-junctions depicted in Figures 12a,b also accurately captures the matching geometry of stereoscopic T-junctions.
So far, we have only considered Cases 1 and 2. What about Case 3, which was relatively unstable? Case 3 is a special case of transparency. In this figure, the interocular contrast difference generated along the far contour reverse polarity. As we observed in Figure 31b , such polarity reversals are relatively unstable, which implies that these features do not contribute significantly to the formation of illusory contours. This may be one of the reasons why the perception of illusory contours is so difficult to achieve in these patterns. However, the fact that illusory contours can sometimes be observed in Figures 29 and 30 does suggest that there are processes of illusory contour formation that act along the contour to generate percepts of illusory contours at stereoscopic T-junctions, not just end-cut responses. This implies that two forms of contour completion processes are operative in stereopsis: those that act along the illusory contour (contourcontinuation processes), and those that act (relatively) orthogonal to the illusory contour (end-stopped responses).
What do the monocular features attached to the near contour contribute to the computation of an illusory contour? This question is not easily answered. On the one hand, the presence of these monocular features provides information that could theoretically specify the continuation of the (transparent) contour in front of the farther surface. In other words, the fact that binocular parallax reveals more of the contour to one eye than the other provides some information specifying that the contour is continuing across the top of the T-junction. However, this information may or may not be used by the visual system; no conclusive evidence has been presented indicating that these features are partaking in the formation of the illusory contour. The perception of transparent illusory surfaces implies that the monocular features are at least integrated into the stereoscopic percept, but it is not clear whether these features are contributing to the perception of illusory contours, or even how to make this determination. At this juncture, there appears to be no compelling way to determine the role played by these monocular features, and therefore this topic remains an open question for future research.
Right Eye Left Eye Figure 34:
A schematic illustrating that the geometric relationship between contour orientation and the eye containing the "extra" contrast for the patterns in Figures 21  and 23 . In these images, the analogue of the half-occluded features is the eye containing the larger contrast at the Tjunction (dubbed "partially half-occluded" features). These contrasts are treated as belonging to the high-contrast portion of the T-junction tops. By comparing these patterns to those in Figure 12 , it can be seen that the geometric relationship of partially half-occluded features to contour orientation is the same as that observed with the half-occluded features generated at stereoscopic L-and I-junctions. For simplicity, only the eye-of-origin of the (partially) half-occluded features is shown.
The formation of illusory contours at stereoscopic T-junctions generate apparent X-junctions (cf. Anderson & Nakayama, 1992; Watanabe & Cavanagh, 1993) . The luminance relationships at X-junctions have been known to play a crucial role in the perception of transparency since the seminal work of Metelli (1974a,b) (see also Adelson, 1993) . The illusory contours generated at stereoscopic T-junctions seem to follow similar rules. Specifically, the appearance of illusory surfaces were much more compelling when a surface consistent with the luminance relationships underlying transparent surface formation could be "attached" to the illusory contours as either "figure" or "ground." Such an attachment requires that the intermediate luminance be on one of the two sides of the T-stem (Cases 2 and 3 above). While our discussion has focused on the binocular properties of T-junctions, the stereoscopic enhancement of the subjective contour may also be partially due to weak monocular percepts of illusory contours that arise in these configurations (Anderson & Nakayama, 1992; Watanabe & Cavanagh, 1993; see Figures 25-28) . These monocularly visible illusory contours may provide a signal for binocular matching. Thus, while the half-occluded monocular features at I-or L-junctions contribute to the stability of the halfoccluding features, the position of the intermediate luminance contributes to the stability of the illusory contours formed at stereoscopic T-junctions.
In sum, our analysis of stereoscopic T-junctions is very similar to our analysis of L-and I-junctions, relying on the matching geometry generated by these junctions. Indeed, our contention is that the mechanisms responsible for the construction of illusory contours in transparent displays are essentially an epiphenomenon of mechanisms that are organized to detect contrast mismatches generated by occlusion relationships. This view is motivated by the relative rarity of transparent surfaces in the world in which our perceptual systems evolved when compared to the ubiquity of occlusion relationships.
Section 3 Border Ownership: The Attachment of Surfaces to Contours
The preceding sections focused on the formation of illusory contours in untextured stereograms that generate percepts of occluding and transparent surfaces. In this section, the problem of "border ownership" in these patterns will be briefly addressed. This refers to the depth attributed to the homogeneous regions attached to both the real and illusory contours in the stereopairs, as well as the formation of amodally completed surfaces. Indeed, some of most salient perceptual differences between the stereograms presented above is the transformation that occurs in the apparent depths of the homogeneous regions in the images. The purpose of this section is to sketch a possible solution to how the depth of these homogeneous regions is determined in untextured patterns. A large number of phenomena not described in this paper are relevant to a general solution to this problem, which will be addressed more fully in a subsequent paper. In this section, we will only attempt to outline our approach to this problem, focusing on the relationship of this issue to the matching geometry of the three types of junctions described above.
Near Contour
Occluding surface (unambiguous border ownership)
Far Contour
Ambiguous border ownership ?? Figure 35 : Schematic demonstrating the role of depth in specifying border ownership at a single discontinuity or Ljunction. The near contour generates an illusory T-junction. The area above the top of this illusory T-junction is unambiguously "owned" by the near contour. In contrast, no depth relationships exist to unambiguously define which side of the far contour "owns" this border.
We begin by considering the perception of occluding and occluded surfaces that arise at L-junctions. Two kinds of completion are exhibited in these stereograms: the modal completion of an illusory occluding surface, and the amodal completion of the occluded surfaces. In the previous sections, it was argued that the formation of illusory occlusion relationships was critically tied to the decomposition of the binocular array into binocularly matched and unmatched features. This decomposition is needed to understand why stereoscopic L-junctions are perceived as occluding contours, rather than as contours curving or tilting in space. The matching geometry at stereoscopic L-junctions leads to a clear classification of the two contours: the near contour (usually containing halfoccluding features) is interpreted as part of an occluding surface, while the far contour (usually containing halfoccluded features) forms part of an occluded surface. In the previous sections, we demonstrated that the presence of monocular features at L-junctions specifies the continuation of the near occluding surface, evidenced by the formation of illusory contours. Here, we will argue that the presence of half-occluded features also specifies the amodal continuation of the occluded surface.
Let us begin by first understanding how depth is attributed to the near contour forming the (illusory) occluding surface at a stereoscopic L-junction. Consider the partial circle inducing element portrayed in Figure 35 . The formation of the illusory contour creates an illusory Tjunction, and the classification of the near contour as an occluding contour unambiguously determines that the area above the "top" of the T must be attached to the occluding contour at the depth of the occluding surface. Thus, the border ownership of the occluding contour at the illusory Tjunction is unambiguous: the matching geometry of Ljunctions determines both the formation of illusory occluding contours and which side of the illusory contour "owns" the homogenous regions that neighbor it.
The same is not true, however, for the occluded contours (the "stem" of the illusory T-junction). There is no way to determine the border ownership of the far contour based solely on the local structure of the illusory T-junction; either side of the contour may own the surface. To see this, consider the percepts that arise when viewing the stereopairs of Figure 36 . In the top portion of this Figure (36a) , two local inducing elements are presented in isolation. When fused, the border ownership of the far contour (the contour on the left-hand side of the inducing element) is ambiguous. However, when this inducing element is embedded in the stereopair of 36b, the border ownership of the far contour is disambiguated, forming part of a white surface seen through a series of illusory holes. But now consider the stereogram depicted in Figure 36c . When fused, observers uniformly report a black object visible through a series of circular apertures. Note that the depth relationships of the inducing elements are identical to those used in Figure 36b that generated a percept of an amodally completed white surface. But now the black portion of the occluded contour appears to own the contour, whereas in 36b, the white region appeared to own the contour (as part of an amodally completed white surface). The implication of this result is clear: the border ownership of the occluded contour cannot be determined by the local depth relationships present at the junction. Instead, global properties constraining figure/ground relationships determine which side of the occluded contour is perceived to own the contour. Here, the relevant property seems to be a form of closure (Koffka, 1935) .
Why do the regions neighboring the stems of the illusory T-junctions appear in a single plane as occluded surfaces rather than as surfaces bending in depth? Our resolution of this problem focuses on the role of the unmatched image features, often generated by vertical image differences. One of the main theses of this paper is that the presence of vertical image differences at L-junctions makes these junctions unpairable, which has two geometric consequences: first, it implies the presence of illusory contours (which appear visibly); second, the half-occluded features provide evidence that the occluded contour (the stem of the illusory T-junction) continues behind the (illusory) occluding contour. Our contention is that the presence of half-occluded features at the L-junctions specifies the contour as occluded, and that this information is propagated to the homogeneous regions that neighbor the occluded contour. By hypothesis, this causes the homogeneous regions on either side of the illusory T-junction stems to be seen as part of an occluded surface that continues behind the near contour. From this perspective, half-occluded features induce two forms of perceptual completion: the formation of an illusory occluding surface, and the continuation of the far surface behind the near surface.
(A) (B) (C) Figure 36 : Stereopair demonstrating the inherent ambiguity of the border ownership of the far, occluded contour (cross fusers should fuse the left two patterns, divergers the right two). In (a) a local inducing element is shown in isolation. A circular aperture is formed, and both the black and white regions appear in a single plane behind the regions enclosed by the aperture. In (b) this aperture (top right in the figure) appears to reveal a irregularly shaped white surface. In (c), the same element now appears to belong to an irregularly shaped black figure.
We have recently concluded a number of experiments that provide evidence supporting our emphasis on the importance of half-occluded features generated at contour junctions in specifying an occlusion relationship. In one study, we have found that the presence of local halfoccluded features (generated by vertical image differences) are necessary to observe a "release" from the barber pole illusion (Anderson & Julesz, 1994) . The importance of occlusion in constraining the barber pole illusion was initially documented by Shimojo, Silverman, & Nakayama (1989) .
The barber pole illusion is so named for the (now antiquated) barbershop signs formed of obliquely oriented stripes painted on a rotating cylinder. Rather than appearing to rotate, the stripes are usually observed as drifting in the direction of the elongated portion of the cylinder. This effect can be reproduced by simply drifting oriented lines behind a rectangular aperture. Here, too, the lines appear to drift in the direction of the elongated aperture, even thought the "true" motion of the lines is ambiguous. This illusion is typically explained as a form of perceptual capture in which the unambiguous motions of the line terminators determine the direction of motion of the contours. Shimojo et al. demonstrated that the barber pole illusion would be abolished -that is, the contours would no longer appear to drift in the direction of the elongated portion of the apertureif the contours appeared behind the aperture. Shimojo et al. argued that this release from the barber-pole illusion was the result of the terminators forming the ends of the contour being interpreted as extrinsic, belonging not to the contours themselves, but to the occluding, nearer surface. However, these authors only measured this effect for obliquely oriented lines viewed through a vertically oriented aperture. In this configuration, the introduction of a far binocular disparity generates vertical image differences of the individual contours (forming the barber pole). We (Anderson & Julesz, 1994) have found that the encoding of the line terminators as extrinsic depends critically on these unmatched features. Specifically, we found that there was no release from the barber-pole illusion when the elongated portion of the aperture was horizontally oriented and the lines appeared behind the aperture in depth. In this configuration, no unpairable features are formed along the elongated portion of the aperture, although an occlusion interpretation is suggested by the depth differences and the monocularly visible T-junctions. The fact that these terminators are not encoded as "extrinsic" (i.e., due to an occlusion) implies that this classification requires local, unpairable image features. In other words, the amodal continuation of the contours behind the aperture -putatively responsible for the release from the barber pole illusion -depended critically on the presence of unpairable image features (here, specified by vertical image differences).
The previous discussion has focused on the problem of boundary ownership arising at stereoscopic Ljunctions. Let us now consider the role of these features at I-junctions.
Again, two forms of completion (or continuation) seem to be operative. The half-occluded features create the appearance of a near, occluding surface. Furthermore, the inducing contour can appear to continue behind this (illusory) surface. However, the problem of border ownership that arises at I-junctions only involves the formation of the unambiguous, occluding surface. Hence, there is no issue of border ownership for these stereopairs, since the occluding surface is unambiguous.
The border ownership created at stereoscopic Tjunctions also depends on both local properties generated at the image junctions and global constraints that depend on the configuration of the entire pattern of junctions. When the intermediate luminance is located on the stem of the stereoscopic T-junctions and disparity places the T-stem in front of the top of the T, a percept of transparency emerges. This can lead to either the perception of transparent figures (Figures 25 and 26) or grounds (Figures 27 and 28) , depending on the spatial organization of the image junctions. The percept of transparency implies a form of "partial" contour ownership: only some of the luminance of the grey region is assigned to the contour; the remaining luminance appears as the continuation of the background. Presumably, this decomposition plays a critical role in a number of brightness illusions (see, e.g., Adelson, 1993) , a point that will be addressed in subsequent paper. While the formation of illusory transparent surfaces clearly depends on the global configuration of the junctions in the half-images, such surfaces are strongest if the intermediate luminance is on one of the two sides of the stereoscopic T-stem and the T-stem appears in front of the top of the T-junction. When the intermediate luminance forms the top of the T-junctions, no visible luminance is attributable to the near illusory contour, and the pattern appears completely clear, such as glass.
Section 4: Relationship to Previous Theories
In this paper, we have discussed the problem of how untextured stereograms generate percepts of illusory surfaces. This work impacts on both theories of stereopsis and illusory contours. We will begin with the former and then turn to the latter.
Since the invention of the RDS, theoretical treatments of stereopsis have focused on explaining how the visual system establishes binocular correspondence. A variety of answers to this question have been developed, but they share a common approach:
namely, to solve correspondence by consulting the structure of local image neighborhoods. Cooperative models relied exclusively on binocular neighborhood interactions to recover stereoscopic depth, whereas more recent models exploiting the outputs of linear filters relied on the neighborhood structure of the monocular images. All of the models developed to date have performed quite well with patterns containing rich local contrast variations, such as RDSs. Indeed, the RDS became the minimal "litmus test" a stereoscopic model had to pass before it could be considered a biologically plausible model. While it is clear that any given model of human stereopsis must pass this test, the exclusive emphasis on highly textured images has left a gap in our understanding of the role of untextured, contoured stereograms.
The theoretical analysis described here emphasizes the systematic relationship between contour orientation, the eye-of-origin of unmatched image features, and the processes of modal and amodal surface completion. More specifically, our analysis of the image junctions generated by simple, untextured stereograms revealed a systematic relationship between the relative disparities of the binocular components of the contours, the eye-of-origin of the monocular attachments to these contours, and the classification of this geometric relationship as forming part of an occluding or occluded contour. These geometric relationships have not been previously recognized, and hence, the models that have been developed to date fail to exploit these image properties in generating percepts of illusory stereoscopic contours and amodally completed surfaces. While models have been developed that rely on the outputs of oriented spatial filters, they have typically focused on the importance of orientation in solving binocular correspondence or the extraction of surface slant, not on the formation of illusory surfaces (see, e.g., Jones & Malik, 1992a,b;  however, see the discussion of Grossberg's (1993 Grossberg's ( , 1994 
model below).
In a previous paper, Anderson and Nakayama (1994) demonstrated that a breakdown in the similarity of binocular image features (that is, differences in interocular contrast) provided information specifying occlusion relationships. These results provided compelling evidence that the breakdown in binocular correspondence that occurs along occluding contours was computed in parallel with binocular disparity. The focus of the Anderson & Nakayama paper was on determining when occlusion information was computed in the binocular processing stream, and only crudely addressed the problem of what information was contributed by unmatchable features.
Anderson & Nakayama argued that the breakdown in correspondence that arose at occluding contours provided information specifying a relative ordering of surfaces in depth, placing one surface nearer than another. However, such information was only available if the image contained enough local contrast variations to support the computation of interocular correlation, a prerequisite of the occlusion computation proposed by these authors. These contrast variations are typically referred to as "texture," as least when applied to natural images.
In this paper, we have argued that a similarity constraint works in concert with a very different constraintan epipolar constraint -in specifying an occlusion relationship. Specifically, we have shown that differences in the vertical positions of interocular features (i.e., vertical differences in the image contrasts forming the junctions) result in the interpretation of these features as unmatchable. This constraint applies to all binocular occlusion configurations (with the exception of the degenerate case of horizontal occluding contours). We hare shown that half-occluded features provide information about the depth and orientation of the occluding surface, even in the absence of visible contrast on the occluding surface. Thus, halfoccluded features provide rich information that can be used in constructing modal contours. These unmatchable features may also play a critical role in amodal completion (or continuation) of the occluded surface by providing information that a surface has gone out of view because of differential occlusion, rather than because the occluded surface has literally ended. This view of amodal completion is in accord with Gibson's (1950; 1966; 1979) recognition of the rich information generated along an occluding edge, particularly the emphasis he placed on the differential accretion/deletion of texture in specifying the layout of surfaces. While Gibson's primary focus was on the transformations induced by relative motion, here we have focused on the instantaneous accretion/deletion present in the binocular parallax field and demonstrated that it, too, is a powerful constraint in organizing perception. Moreover, we have recently presented evidence (Anderson & Julesz, 1994) that similar processes underlie the recovery of occlusion geometry in untextured moving patterns, and are currently applying the analysis developed here to motion displays.
While our analysis was derived for untextured patterns, it is clear that inherently unmatchable features also arise in textured patterns such as RDSs. What role do such features play in modal and amodal completion? Shipley (1965; see also, Julesz, 1971) presented the first RDS that also generated a classical subjective contour. The figure was created with a RDS pattern that contained a homogeneous white stripe that crossed the background and (disparity shifted) central square region in both half-images. Clear illusory contours were observed, causing the white region within the central square to appear at the depth of the square, while the rest of the stripe appeared at the same depth as the background.
Our current emphasis on the role of unmatchable image features in illusory contour formation would suggest that the appearance of this contour arises from the half-occluded features present along the vertical edges of the central square. Support for this conjecture can be found in the demonstrations reported by . These authors generated sparse RDSs that formed a simple, vertically oriented depth step. When a few unpaired points were present consistent with the geometry of occlusion, clear illusory contours could be experienced. In contrast, when no such points were present, no illusory contours were observed. Thus, while our analysis has concentrated on the role of unmatchable features in generating illusory contours in untextured patterns, the detection of unmatchable features plays a substantial role in the formation of illusory contours in textured patterns as well.
In sum, we have argued that the matching geometry of the binocular parallax field contains rich information about three dimensional surface and object boundaries that fill our natural world, information that is clearly used by our visual systems. This information is derived under a epipolar matching constraint that restricts matching to horizontal disparities. We are aware of no previous theory that has recognized the information about occlusion that can be derived from this constraint.
Relationship to Theories of Illusory Contour Formation
The second conceptual domain that is affected by the analysis described herein is theories of illusory contour formation. At the most general level, theories of illusory contour formation can be distinguished by the degree to which they appeal to image properties versus inferential "cognitive" procedures to explain the genesis of such contours. Current theoretical fashions often divide such approaches into "bottom-up" or "top-down" processing, respectively. A fair amount of debate still exists as to the degree to which processing direction should be credited with the genesis of illusory contours. Indeed, a plethora of experiments have been performed in an attempt to delineate those conditions that generate illusory contours (see, e.g., the papers contained in Petry & Meyer, 1987) . The varied results of these experiments has led to the current conceptual split on how to interpret these differences. Some results clearly reveal the effects of cognitive processes such as perceptual "set" on the perception of illusory displays (cf. Anson & Rock, 1979) . On the other hand, there are numerous studies revealing that the percept of illusory contours can be completely data driven, primarily determined by image properties (Anderson, 1994; Schumann, 1904) . Our view of this debate is that the mixed results reflect a difference in the richness of the stimulus conditions used to generate the illusory surfaces. If the stimulus is sufficiently ambiguous, then the effects of cognitive factors (such as perceptual "set") can be a limiting constraint in the genesis of illusory contours. On the other hand, if the structure in the image(s) is rich enough to specify the presence of an occluding surface, then the percept of illusory contours is essentially unavoidable.
The analysis developed here clearly emphasized the role of image properties in generating illusory contours and surfaces, and hence, the most relevant models for comparison are those that are also image driven. Therefore, in what follows, we will focus on relating our results to three recent attempts at providing image-based accounts of illusory contour formation. These theories are chosen because they embody principles that are directly applicable to the kinds of displays described herein. We will consider the relationship of our work to that of Kellman & Shipley (1991) , Nakayama & Shimojo (1992) , and Grossberg (1994) . Kellman & Shipley (1991) developed an account of illusory contour formation that relies on a boundary interpolation process to explain illusory contour formation and the perception of partly occluded objects. Boundary interpolation processes characterize a large number of illusory contour displays, as can be seen in the Kanizsa patterns depicted in Figure 5 . Kellman & Shipley (1991) were so impressed with the variety of illusory contour displays that involved boundary interpolation that they argued that boundary interpolation was the primary determinant of illusory contour formation and the perception of partly occluded objects. Indeed, these authors asserted that "..discontinuities and (contour) relatability operate solely to form units, and depth information, including interposition, determines the positioning of perceived units (p. 197) ." Thus, the primary emphasis of the model was to articulate those conditions that led to successful boundary interpolation.
Comparison with Kellman & Shipley (1991)
To this end, Kellman & Shipley developed a notion of contour "relatability" that would predict when boundary interpolation would occur. Relatability required at least two luminance corners in the image for boundary interpolation to be initiated. The theory claimed that boundary interpolation was restricted to those instances in which two of the corner's contours could be joined with a monotonic curve that did not change direction by more than 90 degrees. A number of papers have demonstrated that contour relatability (or relative alignment) does effect illusory contour strength (Rock & Anson, 1979; Kellman & Shipley, 1992a,b) , as this model asserts. Indeed, we have exploited a three-dimensional variant of this constraint in a number of the displays presented in this paper. But while there is good reason to believe that contour relatability shapes the construction of illusory contours when this property is present, it can be demonstrated that its presence is neither sufficient nor necessary for understanding the formation of illusory contours.
With regard to the sufficiency of contour relatability, Rock & Anson (1979) presented a display similar to one described in Coren (1971) that did not ubiquitously lead to the generation of illusory contours. While the contour relatability conditions were clearly satisfied, both authors found that illusory contours were only occasionally experienced by naive observers. The relatability constraint is shaped purely by image properties, and therefore perceptual set should not be a necessary condition for the genesis of illusory contours, as Rock and Anson found. In a sense, observers should essentially be victims of the processing strategies of their visual system, which putatively includes the application of a relatability constraint. The issue of whether contour relatability is necessary for the formation of illusory contours can be addressed in a number of ways. First, note that relatability can only operate if the visible portions of the occluding surface are oriented. These orientations are needed to determine whether the contours are relatable within the theory. However, there are well known instances of illusory contour formation generated by lines so thin that they do not have detectable orientations at their ends (Gillam, 1987; Kanizsa, 1979; Kennedy, 1978) . Such phenomena are outside the purview of Kellman & Shipley's theory, as these authors duly note. Moreover, other forms of illusory surface formation were known to exist that also could not be understood with a contour relatability constraint. For example, Coren (1971) presented displays in which illusory surfaces were generated by apparent shadows. Thus, while contour relatability may be a potent constraint in the formation of some instances of illusory contour displays, this theory failed to provide a complete account of the variety of illusory surface phenomena that were known to exist prior to the formation of this model. (Kellman & Shipley) plays a formative role in the generation of illusory contours in some class of stimuli. Indeed, the vast majority of stereoscopic Land T-junctions described above contained relatable contours, leaving open the possibility that the relatability constraint was determining the percepts that arose when viewing these displays. It was only by isolating the individual contours that formed the stereoscopic L-and Tjunctions --that is, I-junctions --that it could be determined that contour relatability was not a necessary condition for the genesis of stereoscopic illusory contours. Specifically, the formation of illusory contours at a single stereoscopic Ijunction resulted from the unpaired contour terminator, not from the coupling of relatable boundaries. While contour relatability may be contributing to the formation of such contours when this property is present, it is clearly not needed to elicit these percepts. Rather, the eye-of-origin of unpaired contour terminators plays a critical role in the formation of illusory stereoscopic contours and surfaces.
Finally, Kellman & Shipley have argued that a single boundary interpolation process underlies both modal and amodal completion in both two-dimensional and threedimensional figures. However, we presented a strong counter-example of this claim in Experiment 2. The relatability constraint predicts a symmetry in modal and amodal completion of the horizontal bar depicted in Figure  21 , but this was not what was observed. This asymmetry can be understood, however, once the role of unmatchable image features are recognized in modal and amodal completion in stereopsis.
There currently seems to be no way to account for the variety of illusory contour displays with a single, imagedriven processing constraint. Rather, there appear to be a number of different image properties that contribute to the genesis of illusory contours and surfaces. Once this fact is recognized, then it becomes apparent that theoretical unity is not achievable by asserting a single image property as responsible for illusory contour formation. However, it may be possible to achieve theoretical unity by considering why illusory contours are generated in the first place, that is, by attempting to penetrate the computational problem for which illusory contours are a solution.
Our view of illusory contours formation is informed by the apparent role such contours play in natural vision. It appears that the variety of mechanisms that partake in the formation of illusory contours are structured to resolve occlusion relationships when these relationships are only partially specified. This partial specification can occur in a variety of ways. Perhaps the most common form of partial specification occurs when a homogeneous occluding surface is masked by a farther surface that projects an identical luminance to the eye(s). This can generate relatable contours, binocularly unpaired image terminators, or both. Moreover, if the observer is moving, binocular parallax can generate the accretion and deletion of portions of the occluding and occluded surfaces. In all instances, a common problem needs to be solved: namely, determining whether the discontinuities generated in the (possibly transforming) images are intrinsic or extrinsic to the visible edges (cf. . Intrinsic edges are those that belong to the visible surface region, and therefore represent the ending of that surface. In contrast, extrinsic edges arise from an occluding surface. In virtually all illusory contour displays, the illusory contour forms part of an occluding surface. In other words, the illusory contour is generated by a process that classifies some of the contours in the image as extrinsic. The relatability constraint articulated by Kellman & Shipley does appear to contribute to this classification, especially in two-dimensional images. However, other methods of categorizing edges and contours as extrinsic also exist. In stereopsis, this classification is strongly shaped by determining that a contour terminator is unmatchable. If the relative orientation of the contour and the eye-of-origin of the unmatched feature is consistent with being interpreted as half-occluded, then the terminator is classified as extrinsic and an illusory contour will be generated. In contrast, half-occluding terminators are intrinsic to the contour. Thus, the identification of contour terminators as half-occluded or half-occluding plays a critical role in the classification of stereoscopic contour terminators.
In sum, it was argued that theoretical unity of illusory contour formation can only be achieved at the computational level of analysis (Marr, 1982) , not at the level of a single image property. The perspective developed here is that illusory contours are generated by mechanisms that are organized to detect occlusion relationships during instances of partial specification. Kellman & Shipley's articulation of one method whereby the classification of discontinuities as intrinsic or extrinsic could be accomplished is important. However, this is but one means by which this classification can be performed, and when other means are considered, asymmetries can be observed in modal and amodal completion. Our analysis of the matching geometry generated by stereoscopic image junctions provides a new method for classifying discontinuities, and contributes to a larger body of theory and data on the image properties that underlie the formation of illusory contours. Nakayama & Shimojo (1992) have recently developed a theoretical account of why surfaces such as those in Figures 5 and 7 appear as illusory occluding surfaces rather than smoothly interpolated surfaces in depth. They argued that the visual system interpreted ambiguous regions of stereoscopic images with a form of inference that they described as the "principle of generic sampling." The insight shaping this theoretical view is the belief that the visual system infers a surface representation by assuming that the scene is being viewed from a generic rather than an accidental vantage point. To understand the meaning of this thesis, consider viewing a simple geometric object such as a cube from all possible vantage points a fixed distance from the object. This defines a viewing sphere. Generic views are views that will preserve certain topological properties of the image as viewing position is changed. In other words, generic views will carve out relatively large areas on the viewing sphere. In contrast, accidental views occupy very small regions of the viewing sphere, such that a small perturbation in viewing position generates new topological image structure. Nakayama and Shimojo suggested that the visual system is biased to interpret images as if they were being viewed from a generic position on the viewing sphere, a bias that they attributed to a passive association between images and surface representations. From this perspective, the kinds of surfaces encountered most frequently by an animal generates biases for similar "generic" perceptual organizations in the future.
Stereopsis
To understand how this theory can account for percepts, consider the square depicted in Figure 37 . One possible interpretation of this image is that it represents a cube that is being viewed from a vantage point perpendicular to one of the cube's faces. Such a view is "accidental," however, since the vast majority of possible vantage points that could be taken on a cube would reveal the presence of additional faces and the cube-like structure of this figure. Under the generic view principle, the reason why we do not perceive a square as a cube is because the three-dimensional structure of a scene is reconstructed under an processing constraint that creates a bias to interpret a given image as a generic view of a surface (or set of surfaces). The generic view principle was thought to represent a form of nonBayesian statistical inference, that is, a form of inference sensitive only to the posterior probabilities of surfaces that the animal encountered, not to prior probabilities of surface events.
?? ?? Recently, however, a number of difficulties with this theoretical position have been articulated. Jepson (1994) has shown that it is not possible to apply a principle of generic sampling without some specification of prior probabilities.
The essence of the problem may be understood as follows. By definition, a generic view is one that leaves certain image properties intact over a transformation in viewing position. But which image properties? Jepson demonstrates that the notion of generic view depends critically on the choice of image properties that are presumed to remain invariant over changes in view. A change in image properties can cause a generic view to be transformed into an accidental view, and vice-versa. In other words, a generic view principle is underconstrained unless a clear specification of the image properties over which genericity is defined have been specified. And it is precisely the specification of the relevant image properties and their associated invariants that defines the prior probabilities.
To appreciate the difficulty in applying a generic view principle, let us work through an example that figures prominently in both Nakayama & Shimojo's work and the present paper. Consider again the cross stereogram depicted in Figure 21 . Nakayama & Shimojo argued that observers typically perceive a horizontal bar occluding a vertical bar when fusing the left two half-images. Their theoretical rationale for this perceptual organization (as opposed to the percept of tilted planes, say) is that this organization corresponds to a generic view of such surfaces. The logic of their argument is that if the stereogram was actually generated by tilted or curved planes, then virtually all vantage points other than the one being portrayed would reveal this tilt in the two-dimensional half-images. Hence, the interpretation of the pattern as tilted planes would be tantamount to interpreting the pattern as if it were being viewed from an accidental viewpoint. Since the visual system putatively applies a generic sampling assumption, this should not occur. A critical feature of this argument is that it predicts that reversing the relative depth of the figures should not have a substantial impact on the perceptual organization of this pattern, as the same principles would predict the vertical bar to occlude the horizontal bar. Thus, the generic view principle -when applied to the orientation of the projected contours -predicts a symmetry in how this stereogram is interpolated for the two possible relative depth values.
In contrast, consider what would be expected if the image properties defining the "generic view" were of the kind articulated in our analysis of the matching geometry of image junctions, namely, a relationship between contour orientation and the eye-of-origin of unpaired contour terminators. This would predict an asymmetry in the way the two depth organizations of these figures are perceived. The difference lies in the types of monocular features that are generated by the two interpretations. When the horizontal bar appears in front of the vertical bar, some of the horizontal bar must contain half-occluding features. But when the depth is inverted, the perception of the horizontal bar being occluded by the vertical bar generates half-occluded features. Since the latter are far more common in natural viewing, the application of a generic view principle would predict that configurations containing half-occluded features should be more stable than those containing half-occluding features. The results of Experiment 2 demonstrated just this: namely, that there is a strong asymmetry between the way the cross is experienced when the horizontal segment appears behind the vertical bar, than when the horizontal segment appears in front of the vertical bar. Specifically, observers report that the occlusion interpretation of this figure is much more stable when the horizontal bar appears behind the vertical bar. The generic sampling principle applied at the scale of contour orientations does not predict this asymmetry. However, if the generic sampling principle is applied to the local matching geometry of binocular junctions, then these results can be readily understood.
Hence, while we support the view that natural scenes shape our sensitivity to certain kinds of surface structure, we differ as to how these image properties should be defined. The primary difference between the theory described herein and that of Nakayama & Shimojo is the "scale" at which the principle of generic sampling (interpreted as an associanistic mechanism) is applied. Nakayama and Shimojo suggest that the principle is applied at the level of possible surface interpretations, whereas the theory developed here argues that the principle applies more locally to the classification of binocular features as matchable or unmatchable. In general, the conceptual difficulty created by assuming a "generic viewing principle" is that it is not clear to what scale the principle should be applied. Without an explicit specification of the appropriate scale of application, the principle of generic sampling remains underconstrained. Indeed, as the preceding example demonstrates, the principle can lead to quite different predictions when applied to different scales of a single pattern.
The theoretical account of the perceptual organization of stereograms developed in this paper is not applied to the global image structure, but rather, to salient local neighborhoods of the images; namely, contour junctions. We have argued that the local decomposition of binocular images into matchable features (disparities) and unmatchable features (half-occluded and half-occluding features) determines the perceptual organization of stereograms depicting illusory contours. Unmatchable features play a particularly critical role in shaping the perception of illusory contours and surfaces. Within the theory developed here, the information specifying a real or illusory contour is computed locally and propagated to neighboring image regions. While the present work shares the developmental flavor of the theory developed by Nakayama & Shimojo, it departs from their theory in the kinds of processes used to explain the perceptual organization of stereograms.
Boundary
Contours and Featural Filling-In: Comparison to Grossberg (1994) The neural network model of Grossberg (1987a Grossberg ( ,b, 1993 Grossberg ( , 1994 has been applied to a large domain of psychophysical and physiological evidence. In this section, we will focus on the properties of the model that pertain to the formation of illusory contours, as this model is too extensive to cover in detail here. The interested reader is encouraged to consult the target articles. Rather than attempting a comprehensive treatment, an outline of Grossberg's general approach will be presented so that the relevant differences between it and the theoretical account developed herein can be highlighted. Grossberg's model contains two major subsystems: a boundary contour (BC) system and a feature contour (FC) system. The BC system is responsible for constructing a "boundary web" that is formed by the responses of cells sensitive to oriented contrast. The outputs of cells tuned to opposite directions of contrast are pooled to generate a local response that is insensitive to direction of contrast. In essence, the boundary web defines a shape "skeleton" on which visible percepts are "hung." Within the context of this theory, the BC system does not generate any visible percepts. Visible percepts only emerge through the BC's interaction with a FC system that diffusively fills-in featural quality on the shape skeleton defined by the boundary web. In its earliest forms, Grossberg's model (1987a,b) was not capable of explaining the variety of percepts that arise when presented with the patterns described herein. However, more recent versions have attempted to explain percepts of illusory occluding stereoscopic surfaces such as those described above (Grossberg, 1993 (Grossberg, , 1994 . The relevant model details of this extended model are briefly described below.
Two essential issues are addressed in Grossberg's account of stereoscopic illusory contour formation. First, he postulates a neural network model that will putatively explain both modal and amodal completion of illusory contours or boundaries. In Grossberg's model, boundary completion is generated by local competitive and cooperative interactions between oriented receptive fields. As with the model of Kellman & Shipley (1991) , these interactions treat both modal and amodal boundary completion with common mechanisms. However, in order to explain why amodal completion occurs without any sense of visible contrast or boundaries, while modal completion generates visible boundaries, a second process is hypothesized that is sensitive to relative depth differences. Grossberg postulates an asymmetric flow of information from near to far surfaces, such that near surfaces send copies of their emergent boundaries to cells encoding farther surfaces. These boundaries act asymmetrically in depth to inhibit the featural filling-in of surfaces that appear behind a near surface. By hypothesis, far surfaces do not project their boundaries to nearer surfaces, and hence, a far surface's boundary does not inhibit the featural flow of nearer surfaces. Thus, while a far surface may appear as an amodally completed shape via BC interactions, the asymmetric flow of copies of the near surfaces boundaries to far surfaces prevents the flow of featural quality to the occluded surface that would otherwise render the amodally completed surface visible (i.e., transform amodal completion to modal completion). This is the critical property of the model that is used to explain why modal completion generates a visible surface while amodal completion generates an invisible (but connected) surface.
This model provides an elegant account of a number of the stereograms presented in this paper. However, there appears to be two significant shortcomings in Grossberg's (1993 Grossberg's ( , 1994 theory in explaining the results described herein. First, there is the fact that monocular features can generate illusory contours. Grossberg's theory provides an understanding of how half-occluded features could inherit a depth from the filling-in responses of farther surfaces, but it does not incorporate the role of the monocular features in generating illusory contours. For example, the formation of an illusory contour by a single, vertically oriented contour receives no explanation within Grossberg's framework. But the results described here and previously (Anderson, 1994; indicate that monocular regions play a critical role in specifying the location, orientation, and depth of occluding contours. Second, Grossberg's theory -like Kellman & Shipley's -cannot account for the front-back asymmetry of the horizontal bar reported in Experiment 2. This shortcoming arises because Grossberg's theory does not recognize the existence of the two different kinds of monocular features that are generated during binocular viewing.
Hence, while a Grossberg's approach has a number of attractive qualities, it remains to be seen if it can incorporate the important role of unmatched image features in determining both modal and amodal completion in stereograms.
Conclusions
What kinds of processes underlie the formation of stereoscopic illusory contours? In this paper, we have argued that the geometric relationship between the matchable and unmatchable portions of stereoscopic contours are responsible for the genesis of stereoscopic illusory contours. At this juncture, there is too little known about the underlying mechanisms responsible for the illusory percepts described here to articulate a unique model of these phenomena. Instead, we have sought to specify the relevant image properties that would have to be embodied in any model that attempts to provide an account of the phenomena described herein. Specifically, a successful model of these phenomena must incorporate the information in both the disparity field and the monocular features contained in the images, particularly the role of half-occluded features in generating illusory contours.
The theoretical framework described herein is similar to Guzman's (1969) pioneering work on the classification of image junctions. Whereas Guzman focused on monocular line drawings, the analysis described herein asserts that the matching geometry of binocular junctions formed by the intersection of untextured surfaces are critical features that are used for recovering three-dimensional structure. The features that are matchable give rise to disparity signals that specify the relative depth of features visible to both eyes, while the monocular features specify the location (and in some instances, the orientation) of occluding or transparent contours.
In sum, no previous theory of stereopsis recognized the binocular matching geometry generated by occlusion configurations, and therefore missed the inherent relationship between vertical image differences, contour orientation, and illusory contour formation. We have demonstrated the existence of new types of binocular interactions generated by stereoscopic stimuli containing monocularly visible contours, and the role of these interactions in modal and amodal completion of occluding and occluded surfaces. The analysis of image junctions described here generates a number of new insights about the role of matchable and unmatchable image features in the reconstruction of stereoscopic surfaces. The taxonomy of image junctions developed herein is far from complete. However, we believe that it forms the basis for a more general taxonomy of the kinds of binocular neighborhoods that are resolved by the visual system, information that can be used to discover the kinds of constraints exploited during visual processing. At this juncture, it is our hope that the analysis described here inspires further experimental and theoretical investigations to delimit the range of applicability of these ideas to human perception.
